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This work is intended to advance the fundamental knowledge in the area of sub­
cooled flow boiling, as applied to small high-speed diesel engines. Flow boiling relates 
to the combination of convection, and nucleate boiling, of the antifreeze coolant in 
engine components such as the cylinder head.
Computational finite element analyses (FEA) on Ford cylinder heads have shown 
that the use of low velocity, flow boiling may lead to improvements in their mechanical 
integrity and durability. The perceived improvement in the integrity and durability is 
related to the reduction in the maximum metal temperatures and the greater uniformity 
in temperature.
The requirement for accurate predictive models for flow boiling and the critical 
heat flux (CHF), as the limit to nucleate boiling, has lead to the requirement for 
experimental data. Subsequently, a thermal flow bench rig has been built to represent 
some of the cooling passages of a cylinder head and experimental data with varying 
coolant velocity, inlet temperature, pressure and passage geometry, has been realised.
This experimental data has been used to assess the performance of flow boiling 
heat transfer models, principally those of Rohsenow and Chen. The Chen model has 
been found to be most accurate at representing the experimental data. However, the 
non-dimensional methodology used by Rohsenow is considered worthy for further 
evaluation to obtain further improvements in accuracy. The Chen model also forms part 
of this evaluation. A number of CHF models have been tested for which the Zuber 
model is found to most closely represent the experimental data.
Experimental results show that the CHF is obtained only under limited operating 
conditions and at relatively high levels *1000 kW/m2. Nucleate boiling, due to its 
nature, offers potential to an engine temperature control strategy. The heat transfer 
mechanism of nucleate flow boiling may be used to give high heat transfer rates, 
without the additional power required by high forced convective heat transfer.
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Nomenclature
Variable Description Units (SI)
A Area m2
Bo Bond number -
Boi Boiling number -
C d , C r  or C q Coefficients
CD Specific heat capacity J/kgK
C s f Rohsenow fluid/ surface interface coefficient
D Hydraulic diameter m
E Wall pressure factor
F Chen F factor
f Frequency Hz or 1/s
G Fluid mass flow kg/m2 s
9 Gravitational acceleration m/s2
h Heat transfer coefficient W/m2 K
hiv Latent heat of vaporisation J/kg
J Mechanical equivalent of heat 1
Ja Jakob number -
k Thermal conductivity W/mK
L Characteristic length m
M Molecular weight kg/kmol
m# Mass flow rate kg/s
n Number of bubble sites 1/m2
Nu Nusselt number -
P Pressure N/m2 or Pa
Pr Reduced pressure -
Pr Prandtl number -
Q Fluid flow rate m3/s
q Heat transfer rate W
q" Heat flux density W/m2
q”b Boiling heat flux density W/m2
r Radius m
R Universal gas constant J/kmol K
R Thermal resistance K/W
r* Radius growth m/s
Re Reynolds number -
Retp Two phase Reynolds number -
R o Cylinder/ piston radius m
Rp Surface roughness urn
R v Vapour gas constant J/kgK
S Chen suppression factor
T Temperature Kor fiC
u,v Velocity m/s
V Specific volume m'Vkg
v b Bubble escape velocity m/s
w Uncertainty
x,y Distance or length m
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Greek Variable Description Units (SI)
P Contact angle Degrees
P Density kg/m'*
n Dynamic viscosity kg/m s
a Surface tension N/m
I Non-heated length m
Ap Pressure difference N/m"
AT Temperature difference K or aC
Abbreviation Description
CAD Computer aided drawing
CAE Computer aided engineering
CCTC Controlled component temperature cooling
CFD Computational fluid dynamics
CHF Critical heat flux
Cl Compression ignition
CO Carbon monoxide
C 02 Carbon dioxide
Dl Direct injection
EG Ethylene glycol
EGR Exhaust gas re-circulation
FE (FEA) Finite element (analysis)
FS Full scale
HC Hydrocarbons
HTC Heat transfer coefficient
IDI Indirect injection
NOx Nitrogen oxides
OFI Onset of flow instability
ONB Onset of nucleate boiling
PG Propylene glycol
PID Proportional, integral and differential
PRT Platinum resistance thermometer
SI Spark ignition
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Subscript Description
oo Bulk or free stream
b Bubble
boil Boiling






fd,h Fully developed, hydrodynamic















Heat flux: lxlO6 W/m2 = 1 MW/m2 = 1000 kW/m2 = 100 W/cm2 
Pressure: 100 kPa = 100 kN/m2 = 1x10s N/m2 = 1 bar
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Introduction
1 Intro ductio n
Aim of thesis:
This thesis attempts to show the importance of nucleate boiling and at its limit, the 
critical heat flux (CHF), as potential for an engine cooling or temperature control 
strategy.
Objectives of thesis:
1. Survey the significance of engine cooling and its concepts
2. Demonstrate the importance of nucleate flow boiling as a heat transfer regime, both 
experimentally and analytically
3. Demonstrate the significance of the CHF in the context of nucleate flow boiling 
both experimentally and analytically
4. Demonstrate the potential of nucleate flow boiling to engine cooling 
Why nucleate boiling? Answers to this, and other questions, are required:
• What are nucleate boiling and flow boiling?
• Why use nucleate flow boiling ?
• What are engine cooling and engine cooling systems?
• How does nucleate flow boiling and engine cooling influence engine heat transfer
and gas-side temperatures?
• What have been, are and will be the objectives o f engine cooling?
• What can be achieved by the engine cooling system and how?
This thesis attempts to answer these questions by surveying and reviewing engine heat 
transfer and cooling in a general overview. The small high-speed diesel engine for 
passenger cars is focused on. The details of coolant heat transfer and nucleate flow 
boiling are then studied. This study includes finite element analyses, experimental data, 
coolant heat transfer modelling and predictions. Finally, the information gained from 
the experimental results, modelling and prediction is used to speculate upon future 
strategies for engine cooling in the last chapters.
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The theme of this thesis revolves around the following requirements for the engine 
through heat transfer:
• Fuel economy through reductions in friction and parasitic losses




The means of achieving the above requirements are through the following coolant 
parameters, examined in the engine context:
• Cooling passage velocity
• Passage geometry design
• Effects of coolant temperature
• Effects of coolant pressure
During the course of this thesis, the following items are regarded as significant:
• The dependence of heat transfer on the local spatial location within the engine, 
and the engine load (part or full load)
• The heat flux, the heat transfer coefficient (HTC), and temperature differentials
• The heat transfer coefficient (HTC) for finite element (FE) analysis
All these items are examined in some detail over the course of this thesis.
First, nucleate boiling needs to be defined, before looking at engine heat transfer and the 
gas-side aspects of engine heat transfer.
1.1 Regimes or modes of coolant heat transfer
• What are nucleate boiling and flow boiling?
The cooling heat transfer modes, of aqueous solutions, may be characterised by the 
convective, nucleate, transition and film boiling regimes in order of increasing surface 
temperature, Incropera and DeWitt [1990] and Collier and Thome [1994]. In the first 
instance, pool boiling is considered. Pool boiling represents nucleate boiling under 
conditions of zero flow i.e. stagnant flow. The convective regime, in pool boiling, is 
normally due to natural convection, region AB’ in figure 1.1a and b. The natural
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convection or movement of the fluid transfers heat from the heated surface through 
buoyancy forces.
If the temperature of the wall reaches the fluid boiling point or just above, isolated 
bubbles start to develop and detach from the heated surface. This is known as the onset 
of nucleate boiling (ONB). In other words, the vapour nucleates at superheated sites 
where the surface temperature is higher than the fluid boiling point or saturation 
temperature. The detachment and movement of these bubbles leads to substantial 
increases on the heat flux, region B’C of figure 1.1a. Gradually, as the surface 
temperature or heat increases, more and more bubbles grow and develop such that 
substantial vapour leaves the heated surface. Eventually these vapour patches coalesce 
to form a blanket. This blanket insulates the heated surface and the heat flux reaches a 
maximum or critical value, the critical heat flux (CHF).
Further increases in heat or wall temperature result in the transition boiling regime DD’ 
or DE, which is usually regarded as unstable. The path taken in the transition regime 
depends on the method of control. Transition boiling can be represented by path DE for 
a temperature controlled surface or path DD’ for a heat flux controlled surface, 
figure 1.1a. Detailed descriptions of both nucleate and transition boiling are given in 
chapter 3. Hence, the end of nucleate boiling and the start of transition boiling are 
represented by the critical heat flux (CHF).
The stable formation of a vapour blanket results in heat transfer through natural 
convection and radiation through the vapour blanket, region EF of figure 1.1 a and b. 
This region is known as film boiling.
The coolant itself may initially be at its boiling point, in which case the boiling is 
saturated. If the coolant is below the boiling point, the boiling is known as subcooled.
For the convective regime, the coolant flow within an engine is normally considered as 
forced rather than natural convection. Increases in forced convection give rise to the 
increases in heat flux density shown in figure 1.1c. Hence boiling with flow is known 
as flow boiling, as opposed to pool boiling.
The nucleate regime, within an engine, is usually considered as subcooled, since the 
coolant inlet temperature is usually below the saturation temperature. Small bubbles 
develop and detach from the heated surface to collapse or condense in midstream, 
because the bulk fluid is below the saturation temperature. For saturated or evaporative 
boiling, where the bulk flow is at, or above, the saturation temperature, large bubbles
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form at the heated surface and are carried into the bulk flow. Condensation in the bulk 
flow is limited with the consequent risk of vapour blankets and film boiling.
• Why use nucleate flow boiling ?
Of all the coolant heat transfer regimes, nucleate boiling encompasses the highest flux 
density and heat transfer coefficient without excessive surface temperatures. These 
maximum levels of heat transfer can also be achieved with low power requirements. 
Nucleate boiling has high rates of change in heat flux density for small changes in 
surface temperature. It is, therefore, the most efficient heat transfer regime.
• What are engine cooling and engine cooling systems?
For the purposes of these discussions, engine cooling is considered as the direct cooling, 
via a fluid or coolant, of the main engine components: cylinder head, pistons and 
cylinder block. Other engine components e.g. valves, camshafts, etc., are usually 
cooled indirectly and are therefore considered as secondary elements. The antifreeze 
solution is considered as the coolant. The engine cooling system is considered as the 
assembly of the auxiliary engine components, Le. pump, pipes, radiator etc., and 
coolant.
• How does nucleate flow boiling and engine cooling influence engine heat transfer 
and gas-side temperatures?
1.2 E n g in e  h e a t  t r a n sfe r
Heat transfer affects the engine performance, efficiency and emissions, 
Heywood [1988]. For a given mass of fuel, higher heat transfer to the combustion 
chamber walls will lower both the average combustion gas temperature and the 
pressure, thereby reducing the work per cycle transferred to the piston. Thus, specific 
power and efficiency are affected by the magnitude of engine heat transfer, Heywood 
[1988]. On the other hand, cooler combustion surfaces lead to higher masses of air and 
fuel trapped in the cylinder and, therefore, higher volumetric efficiencies lead to higher 
engine outputs, Stone [1992]. Heat transfer between the unbumed charge and chamber 
walls of spark ignition engines affects the onset of knock and changes in the gas 
temperature affect emissions formation processes, Heywood [1988]. Exhaust 
temperatures govern the power obtained by exhaust-energy recovery processes such as 
turbochargers. Friction is both affected by engine heat transfer and contributes to the 
coolant load, Heywood [1988]. Cylinder liner temperatures govern piston and ring
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lubricating oil film temperatures and, hence, the oil viscosity and friction. Piston and 
cylinder liner distortions due to temperature non-uniformities, have a significant impact 
on the piston component of engine friction. The cooling system fan and water pump 
power requirements are affected by the amount of heat rejected, Heywood [1988].
Heat loss to the coolant represents a substantial proportion of the fuel energy input: 
Heywood [1988] gives a range of 16 to 35% of fuel heating value leaving via the 
coolant for automotive compression ignition engines at maximum power. The energy 
leaving via the coolant as a proportion of the fuel heating value is shown 
diagrammatically in figure 1.2. Stone [1992] gives figures of 17 to 35% of the fuel 
energy passing to the engine coolant. For spark ignition engines, rich fuel mixtures can 
result in as little as 15% of the fuel energy passing to the coolant, but at low loads over 
40% may be transferred, Stone [1992]. Unfortunately, elimination of the heat losses to 
coolant would only allow a fraction of heat transferred to the engine walls to be 
converted to useful work, as the remainder would leave the engine as exhaust enthalpy. 
Exhaust ports may be insulated and the resulting higher exhaust temperatures can be 
used to promote further oxidation of the combustion products plus increasing the 
potential turbine energy, Stone [1992]. Radiation is more significant in compression 
ignition combustion chambers than for spark ignition engines, due to the presence of 
soot particles, Heywood [1988].
The traditional view of the cooling system is primarily to cool the engine, with a 
secondary requirement to provide vehicle interior heating. Currently, the engine 
cooling system is required to provide both engine cooling and vehicle interior heating. 
Engine cooling is required to avoid excessive metal temperatures, but a cool engine has 
a detrimental effect on friction. A conflict arises at engine start, where heat is required 
to be retained within the engine to reduce friction and for the vehicle interior and 
passenger comfort.
D.R. Pye has stated that “one may go as far as to say that if an engine is not within a 
narrow margin of overheating at some point or other it is not working at its maximum 
capacity”, Nunney [1992]. Nunney also notes that compression ignition or diesel 
engine cylinder heads have a more severe cooling requirement than spark ignition 
engines.
Stone [1992] gives three reasons for cooling:
1) To promote high volumetric efficiencies
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2) To ensure proper combustion
3) To ensure mechanical operation and reliability
The volumetric efficiency and combustion is examined in the context of gas-side heat 
transfer.
1.2.1 Gas-side heat transfer
For the gas-side, the focus on emissions is being driven by a number of factors, 
including air quality and health (especially in urban areas), the number of vehicles on 
the road and increasingly tighter legislation. The debate is no longer on the requirement 
for this focus, but on the definitions and levels of emissions. Which emissions are 
tolerable? Which emissions are not tolerable and should therefore be considered as 
pollutants? Pollutant emissions are looking increasingly likely to exacerbate respiratory 
and carcinogenic problems, Daniels [1996] and WHICH [1995], and it is in this context 
that the engine cooling system should be examined as a potential tool
References show that, raising the gas-side temperatures and reducing heat transfer can 
lead to improvements in fuel consumption due to increased efficiencies and reduced 
friction: Hydrocarbons (HC) and particulates are also shown to be reduced. These 
references are discussed in the following sections. However, excessive gas-side 
temperatures can lead to problems with combustion, especially in terms of knock for 
spark ignitions (SI) engines. Excessive gas-side temperatures also lead to increases in 
nitrogen oxides (NOx). This paradox is strengthened further by the reductions in the 
volumetric or charging efficiency due to higher gas-side temperatures. However, an 
important distinction arises since there seem to be significant gains in reducing cylinder 
head temperatures whilst increasing cylinder block temperatures.
In the following discussions, diesel or compression ignition (Cl) engines are referenced 
as the main source of information. It is recognised that the combustion systems in spark 
ignition (SI) engines are different to those of the compression ignition engine. 
However, it is not the intention of this study to examine combustion systems or delve 
into these differences, but the SI engine will be used to illustrate points, where 
appropriate. Similarly, although it is recognised that the indirect injection (IDI) diesel 
has lost its significance in current designs for diesels, it is used to illustrate aspects of 
cooling systems in the following sections.
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1.2.2 Emissions - A brief description
The following discussions are not intended to provide complete descriptions of the 
mechanisms and reasons for emissions, which are best left to others, Heywood [1988], 
Hawley et aL [1998]. However, the aim of these discussions is to demonstrate some of 
the effects that the gas-side temperatures and heat transfer can have on emissions. The 
next few paragraphs will, therefore, have brief descriptions of some of the main 
pollutant emissions in the form of the three main gases, carbon monoxide, hydrocarbons 
and nitrogen oxides, together with solid particulates, Daniels [1996].
Carbon monoxide (CO)
Carbon monoxide develops with a fuel rich air-fuel mixture, where there is insufficient 
oxygen to bum all the carbon into carbon dioxide (CO2). Diesel engines are not a major 
source of carbon monoxide, where the equivalence ratio is always less than 1.0 (fuel 
lean) and thus accounts for low carbon monoxide. Reductions in carbon dioxide can be 
achieved by reducing fuel consumption, Hawley et al [1998].
Nitrogen oxides (NOx)
Nitrogen oxides are made up of nitric oxide (NO) and small amounts of nitrogen 
dioxide (NO2) and are strongly temperature dependent. The exhaust levels of nitrogen 
oxide are comparable to, Heywood [1988] or half those of a SI engine, Stone [1992]. 
The higher the burned gas temperature obtained, the higher the rate of NO formation. 
As the burned gases cool, the levels of NO are set, Heywood [1988].
Nitrogen oxides can be reduced by retarding the injection timing, but this adversely 
affects both the fuel consumption and smoke. Exhaust gas re-circulation (EGR) can 
also be used to reduce nitrogen oxides at part loads, but at the expense of higher fuel 
consumption. Inter-cooling can be used to reduce the gas temperatures and, therefore, 
the nitrogen oxides.
Hydrocarbons (HC)
Unbumed hydrocarbons, in properly regulated diesels, develop from a number of 
sources:
• Crevices such as those between piston and liner, where the flame has difficulty 
in penetrating
• The perimeter of the reaction zone, where the mixture is too lean to bum and the 
longer the combustion delay, the greater the hydrocarbon emissions
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Unfortunately, when reducing the delay period, there comes a point where there is no 
further reduction in hydrocarbon emissions. In these conditions, the hydrocarbons come 
from another source; the fuel retained in the nozzle tip. Engine oil spread on the 
surfaces of the combustion chamber can absorb and desorb hydrocarbons.
Diesel hydrocarbon emissions are 1/5 of those of a SI engine, Heywood [19S8], and are 
greater at low loads, or when the engine is over-fuelled. Advancing injection timing 
reduces hydrocarbons, but increases nitrogen oxides. Combustion chamber wall
temperatures affect the hydrocarbon emissions and raising the combustion chamber 
surface temperatures can reduce hydrocarbons by 10 to 15%, Perry and 
Anderton [1985].
Particulates or smoke
Smoke is grey or black soot (carbon) particles. Soot forms in the fuel rich zones of the 
spray where the fuel vapour is heated by mixing with hot burned gases. Carbon 
particles are formed by thermal decomposition (cracking) of large hydrocarbon 
molecules and soot particles are formed by agglomeration. Hydrocarbons may then be 
adsorbed and condensed into these particles during the exhaust process. At the end of 
the exhaust process, particulate matter may consist of a number of components, 
including, insoluble and soluble, organic fractions.
Smoke generation is increased by higher temperatures in a fuel rich zone. The 
formation of smoke is strongly dependent on fuel air ratio and hence engine load. As 
the load increases, more fuel is injected, causing an increase in smoke, because:
• The duration of diffusion combustion increases
• The combustion temperature increases
• There is less oxidation of the soot, since there is less time after the end of 
diffusion combustion and there is less oxygen
Naturally aspirated engines are limited in output by the formation of smoke. Smoke 
output can be reduced by advancing injection timing or by injecting finer sprays - with 
higher injection pressures and smaller nozzle holes. Particulates can be oxidised by a 
catalyst operating above light-off temperature.
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1.2.3 The effects of high gas temperatures and low heat transfer
As indicated previously, high gas temperatures and pressures and low heat transfer are 
seen to increase the work transferred to the piston as the proportion of thermal energy is 
reduced and work energy is increased.
Willumeit et al [1984] of Volkswagen set out to improve engine efficiency by reducing 
the heat transfer and friction losses. Fuel consumption is lower for engines, by up to 
20%, operating at higher temperatures due to the improvements in the combustion 
process and reductions in friction, figure 1.3a. Steady state HC emissions, for a SI 
engine, are shown to be 10 to 55% lower for controlled temperature conditions, figure 
1.3b. Couetoux and Gentile [1992] of Valeo and Renault show that fuel consumption 
on a flat road is seen to reduce by 4 to 10% for an increase in the coolant water 
temperature, figure 1.4. The greater reductions occur at lower vehicle speeds. 
Reductions in HC of 10% and rises in NOx of 10 to 20% are shown for a coolant 
temperature increase from 85 to 115 °C.
Low heat loss ceramic materials
During the 1980s, ceramic materials were used in combustion chambers, specifically the 
pre-chamber in indirect injection diesel engines, to reduce heat transfer and increase gas 
temperatures. Matsuoka et al [1984], of Isuzu and Kyocera have shown that, with a 
silicon nitride pre-chamber, improvements can be made to the HC emissions and low 
speed noise. Kamiya et al [1985], of Toyota used silicon nitride pre-chambers to up- 
rate an engine for higher power, without increasing the emissions. Nakatani et al [1986] 
and Ogawa et al [1987] of Mazda adopted the ceramic pre-chamber as part of a 
particulate control strategy and claimed that the higher gas temperatures (1000 °C) 
reduced the soluble organic fractions. Sakurai and Matsuoka [1986] of Mazda, showed 
similar trends but also showed that NOx levels increased. Charlton et al [1991] in a 
study on several different ceramic material pre-chambers showed no improvements in 
emissions. This was due to the ineffective sealing of the air gap around the pre-chamber 
and a good baseline performance from the low conductivity cast steel pre-chamber.
Emissions, therefore, with the exception of NOx, from turbocharged and low heat loss 
engines are usually lower due to the higher combustion temperatures.
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1.2.4 The effects of low gas temperatures and high heat transfer
Excessive gas temperatures are shown to cause combustion problems in SI engines and 
reduce charging efficiency, thereby requiring increased cooling for lower gas 
temperatures.
Increased cooling
Kobayashi et al [1984] of Toyota have been able to show that control over SI engine 
operating temperatures may improve the combustion process. The degree of knock 
reduction, obtained by lowering the cylinder head temperatures, was twice that gained 
by reduced cylinder block temperatures. Charging efficiency was also improved by 
reducing coolant temperatures. Friction torque was increased considerably by lowering 
the block temperatures and outweighed the increased charging efficiency. Although 
there were no significant increases in NOx emissions, significant increases in HC 
emissions were reported. It was suggested that this was caused by the reduction in 
exhaust gas temperatures due to improvements in thermal efficiency. Kobayashi et al 
show that increases in compression ratio lead to greater increases in HC emissions than 
those increases resulting from reductions in cylinder head coolant temperature. It would 
seem that the increases in HC are consistent with the reduced gas temperatures.
Finlay et al [1985A] of NEL and Austin Rover describe the effects of the coolant 
temperature and cylinder head material on engine temperatures for a 1.275 litre, spark 
ignition, engine. Finlay et al, report that, resistance to detonation is improved by 
increasing the “effectiveness” of the cooling system. Water, at an inlet temperature of 
50 °C, is supplied to a cast iron cylinder head to give the same knock resistance as an 
aluminium head, supplied at 90 °C. In reducing the inlet coolant temperature and, 
hence, the cast iron head temperatures, the combustion chamber conditions can be 
controlled.
Finlay et al [1989], of the National Engineering Laboratory (NEL) and Ford, show that 
a dual circuit cooling system applied to a 4 cylinder 1.1 litre spark ignition engine can 
improve the knock resistance by reducing the cylinder head coolant temperature. 
Simultaneously, the dual circuit can be used to reduce the brake specific fuel 
consumption by increasing the coolant temperature, figure 1.5a. Tests A and C were set 
up with a coolant temperature exiting the block at 45 to 60 °C resulting in low cylinder 
block wall temperatures. Tests B and D were set up with no forced circulation in the 
block thus raising the coolant temperature and the cylinder wall temperatures,
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figure 1.5a. Raising the cylinder wall temperatures reduces the levels of HC, but 
increases the NOx, tests B and D in figure 1.5b.
Tanabe et al [1991] of the Kanazawa Institute have studied the effects of changing the 
coolant temperature at engine inlet on high-speed diesel engine emissions. The coolant 
was varied from 90 to 40 °C. The decreases in the coolant temperature lead to increases 
in particulates and especially soluble organic fractions, by 0 to 100% depending on the 
air ratio. The decreases in the coolant temperature also lead to increases in HC. The 
suggestion is made that the water temperature changes affect the gas-side quench layer 
but have little effect on the flame temperature.
1.2.5 The effects of transient gas temperatures and heat transfer
Engine warm-up
Leshner [1983] of Vacor proposes that evaporative or vapour cooling leads to faster 
engine warm-up, leading to better fuel economy, less exhaust emissions, combustion 
chamber deposits and engine wear. Evaporative cooling may also be known as 
saturated boiling. Figures quoted for a 2.5 litre SI engine with an evaporative system 
versus a radiator system show worse values for HC, CO and NOx, but increased fuel 
economy. However, figures for a 1.8 litre diesel (the 1981 Volkswagen Rabbit) 
comparing an evaporative system versus a radiator system show HC and CO to be better 
but that NOx are worse. The fuel economy is again improved.
Willumeit et al [1984] give figures for a faster SI engine warm-up time that show 
reductions of 27% for HC, 34% for CO and an increase of 20% for NOx under 
controlled component temperature conditions. Engine warm-up is also seen as a time 
where fuel consumption can be improved. The general aims of Clough [1993] and 
Jaguar Cars were to improve warm-up times and the control of cylinder head and block 
temperatures over that of the conventionally cooled engine. Improvement in warm-up 
time offers the potential to reduce exhaust gas HC, increase fuel economy and to 
enhance passenger comfort and windscreen defrost. By employing “precision” cooling, 
in both the cylinder head and block, engine warm-up times are 18% quicker than a 
conventionally cooled engine, figure 1.6. Precision cooling is described in the 
following chapter. The precision cooled engine achieved a top hose temperature of 
80 °C in 123 seconds as opposed to 150 seconds for the standard engine. Surprisingly 
perhaps, Clough found that the more even distribution and reduced level of temperature 
did not adversely affect the HC emissions and motored friction. Warm-up times can be
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improved by reducing the thermal capacity of the coolant and the metal surrounding the 
coolant. The precision cooled water jacket volume was 46% of that of the conventional 
engine.
1.3 Scope of thesis
1.3.1 Chapter 2 -  Literature survey -  Engine cooling hardware
Chapter 2 aims to survey and review engine cooling for the following three topics:
• Engine cooling systems and components
• Thermal management and advanced engine cooling concepts
• Engine component integrity and durability
This chapter covers aspects of temperature and heat transfer on the engine cooling 
system and the engine through its components and materials i.e. the hardware. Fuel 
economy, mentioned previously in the gas-side aspects, is discussed further here. 
Cooling system components are studied for their role and adaptability to methods of 
control Introductions to the role of engine cooling in engine thermal management are 
made. The benefits of advanced cooling concepts are discussed.
The engine cooling system may be viewed as a sum of all the parts, pump, thermostat 
etc. The use and performance of each part needs to be addressed both, separately, and 
as part of the overall system. The overall cooling system objectives include:
• Fuel economy through reductions in friction and parasitic losses
• Cylinder head and block integrity and durability through thermal spatial targeting
• Engine warm-up
• Passenger comfort
For the individual engine components, cylinder head and cylinder block, discussions 
usually relate to their mechanical integrity and durability. Mechanical integrity 
represents the short term, where failure is usually catastrophic. Durability represents the 
longer term, where failure may not necessarily be catastrophic. Spatial targeting relates 
to the over-heating of thermal critical regions and the over-cooling of the outer 
extremities. The power cycle of the engine, part load or full power, has important 
ramifications for the engine components and cooling system design.
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The performance of the cooling system can be affected by the hydraulic design of each 
component and reduced velocity. The hydraulic efficiency of a component is related to 
the pressure and flow losses. The hydraulic design of cylinder head and block passages 
may be also be improved. These design specifications need to be addressed as a means 
of achieving the overall cooling system objectives. These design specifications include 
the following:
• Cooling passage velocity
• Passage geometry design
• Effects of coolant temperature
• Effects of coolant pressure
Engine components, and cooling system design, are addressed in terms of the above, 
four coolant parameters. The following sections intend to show the importance of the 
cooling system objectives and the significance of the coolant parameters in attempting 
to achieve these objectives.
Each of the three chapter topics is summarised in the following sections, where certain 
terms are introduced, but are described in more detail in the rest of the chapter.
1.3.1.1 Engine cooling systems and components 
Components including pumps, thermostats etc
Engine cooling components may be improved by increasing their efficiency. The 
hydraulic design and efficiency of the conventional coolant pump leaves room for 
improvement. High flow velocities incur high-pressure losses. The thermostat, 
particularly, represents a significant pressure loss for the overall system. However, the 
current thermostat is included in the cooling circuit to stall the coolant flow for 
improved engine warm-up.
Engine component cooling including cylinder head and block
Engine cooling may be improved by addressing the hydraulic design of the engine 
component passages and not choosing high flow velocities. Parallel engine cooling 
systems are usually in use, where each cylinder in the block uses a proportion of the 
coolant before supplying each cylinder in the head. The more unusual series engine 
cooling system allows the coolant to flow around each cylinder in the block in turn. 
The coolant then passes into the cylinder head at one end. The use of either
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arrangement has effects on the component temperature distribution and overall system 
pressure drops.
1.3.1.2 Engine thermal management and advanced engine cooling concepts
A number of advanced cooling strategies are introduced to address the shortcomings of 
current cooling technology. These include engine wide strategies: Coolant temperature 
control, Controlled Component Temperature Cooling (CCTC), dual circuit and reversed 
flow cooling. A cooling strategy specific to the engine component is that of precision 
cooling. Strategies that make use of the phenomena inherent in the coolant include, 
evaporative and nucleate flow boiling.
As part of these strategies, the coolant parameters can be used to change the thermal 
performance in terms of temperature and heat transfer. These parameters include the 
primary parameters of coolant velocity, inlet temperature and pressure. All of these 
parameters can affect the thermal performance significantly under specified conditions. 
Other parameters, that also affect heat transfer performance, may be considered as 
secondary, Le. passage geometry, wall material, wall roughness and coolant 
composition, since changes to these parameters within the engine, are more difficult to 
effect.
Controlled component temperature cooling is recommended over that of the traditional 
coolant controlled temperature. CCTC appears to be a more logical strategy. This 
strategy allows for coolant stall at engine start-up and faster engine warm up is 
observed. A dual circuit strategy shows considerable engine performance advantages, 
in that, a cooler cylinder head, and hotter block, are maintained simultaneously, for 
reduced friction and reduced fuel consumption.
The precision cooling strategy is used to increase coolant velocities in the high heat flux 
areas of an engine component i.e. the valve bridge areas. Additionally, precision 
cooling reduces the coolant velocities in the low heat flux areas, Le. the cylinder head or 
cylinder block peripheries, and reduces coolant volumes. Although local coolant 
velocities are traditionally high, precision cooling allows large reductions in cooling 
system flow rates and a greater uniformity of temperature distribution is observed. 
Reduced coolant flow rates allow use of pumps with lower power requirements. The 
preponderance of low diameter, flow passages in the crucial, high heat flux areas, such 
as the valve bridge, has lead to strategies of vapour generation avoidance by using high
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coolant velocities. Angled jets applied at an angle or normal to the coolant surface are 
shown to improve the thermal performance over that of parallel flows.
The first proponent of precision cooling, in its earliest and narrowest terms, was 
Ernest [1977]. Limited use of simple cast passages and air filled cavities, rather than 
the normal multifarious cast coolant cavities and passages, provide cooling for critical 
regions only. Pried and Anderton [1984], also with drilled passages and air filled 
cavities, then developed this definition further to add the criteria of uniform temperature 
distribution in the cylinder head, savings in pump power and increases in energy 
available for turbocharging.
Any strategy, that reduces pump powers or produces the required coolant velocities in 
certain locations, by designing the multifarious cavities and passages in the cylinder 
head and block hydraulically, may be considered to have extended the definition of 
precision cooling. There is an implication in the original definition, that changes in 
coolant velocity and passage geometry are fundamental to precision cooling. However, 
there seems to be no reason why changes, in inlet temperature or coolant pressure, 
cannot be part of an extended definition of precision cooling provided that, one of the 
preceding criteria is satisfied.
Evaporative systems have been used in prototype engines to show that, uniform 
temperature distribution, and faster warm-up, are possible, with cooling systems that 
allow for boiling. Because both evaporative and nucleate boiling systems use boiling as 
the fundamental ingredient, a distinction between these two systems is required. For the 
purposes of these discussions, a nucleate boiling engine operates with subcooled 
temperatures, rather than the saturated temperatures of the evaporative boiling engine. 
Since an evaporative system keeps the whole engine above the boiling point, the 
volumes of vapour generated may be significant and, therefore, alternative cooling 
system components such as separators and condensers are required. A nucleate boiling 
system may lead to local areas of boiling, without the large volumes of vapour 
production and the need for alternative cooling system components.
There are advocates of nucleate boiling, but the fear of transition and film boiling has 
lead many auto manufacturers to avoid nucleate boiling altogether. Hence, cooling 
systems seem to be designed with a large range in the target velocities, depending on 
the location in the engine component. Prototype engine research has shown that, the 
use of boiling is possible, and has enabled reductions in cooling pump power. These
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reductions may possibly be greater than that, achieved with the conventional, precision 
cooling, system.
1.3.1.3 Engine component mechanical integrity and durability
Should metal temperatures exceed certain levels, strength is lost and component failure 
occurs. Uniform temperature distributions, within both the cylinder head and block, 
reduce thermal bore distortion and engine component wear. Metal composition is 
important in defining maximum allowable metal temperatures and temperatures in 
engine components should not be allowed to exceed the maximum design limits. 
Thermal barriers in the metal and scale at the metal to coolant interface are seen to 
increase metal and gas-side surface temperatures and should be avoided in the critical 
high temperature areas. The short term, mechanical integrity is seen to be dependent on 
both the maximum metal temperature and uniform temperatures. The long term, 
component fatigue life or durability can be improved with uniform temperature 
distributions.
1.3.2 Chapter 3 -  Review of predictive analysis applied to IC engine coolant heat 
transfer and general coolant-side considerations
Chapter 3 aims to review coolant heat transfer with respect to:
• Previous experimental studies
• Coolant heat transfer and empirical modelling including:
Forced convection, nucleate boiling and CHF algorithms
• Further general coolant-side thermal considerations
Having reviewed aspects of temperature and heat transfer on the engine cooling system 
and components, the heat transfer mechanisms of the coolant itself need to be examined.
The computer aided engineering (CAE) or finite element (FE) analyst requires 
temperatures in order to assess the engine component integrity and durability issues, 
which are achieved via a knowledge of the heat transfer mechanism that is taking place. 
In order to predict the heat flux, the thermal resistances (inverse of heat transfer 
coefficients) of each component in the whole path from gas to metal to coolant is 
required. Hence, the finite element analyst requires gas and coolant-side boundary 
conditions. These boundary conditions can then be applied to the finite element model 
of the cylinder head or block to ascertain the temperature distribution.
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Potential models, in terms of the heat transfer regimes, forced convection, forced 
convection plus nucleate boiling (flow boiling) and transition boiling are reviewed and 
described.
For flow boiling, Rohsenow ‘s equation is attractive because of its simplicity and the 
representation of two boiling mechanisms. Rohsenow ’s equation is formed in terms of 
the bubble Reynolds number. However, a fluid to surface coefficient requires 
experimental measurement and this form of the equation, that predicts the flux may be 
inaccurate. The Chen equations are more complicated, but do not require 
experimentally measured coefficients. Hence, both Rohsenow and Chen form the basis 
of the modelling and prediction work. Equations for forced convection and flow boiling 
are formed and discussed in terms of non-dimensional numbers.
Under further coolant-side thermal considerations, the range of coolant velocities and 
pressures are examined. The makeup of the coolant in terms of the water and antifreeze 
is also examined.
Assessment and validation of these models under different engine operating conditions 
is required and has been undertaken by researchers. Some of these researchers have 
used the engine to understand and assess the effects of the coolant parameters. Most of 
these researchers resort to using experimental thermal flow bench rigs as the form of 
model validation. Experimental thermal flow bench rigs are studied briefly with more 
details in chapter 5.
1.3.3 Chapter 4 - Results of finite element (FE) predictive analysis
Chapter 4 discusses:
• Gas-side boundary conditions
• Coolant-side boundary conditions
• FE analyses
Current, IC engine design tools, used in thermal analysis, include Finite Element (FE) 
and Computational Fluid Dynamics (CFD). Stress and fatigue analyses, using the finite 
element method, enable the engine designer to assess the integrity and durability of an 
engine component. A significant load on the engine component is the thermal load. 
Temperature distributions within the cylinder head or block may be used to provide the 
thermal loading to a stress or fatigue analysis. On the other hand, direct examination of 
the temperature distributions may ascertain whether a material limit has been exceeded.
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It is not then considered necessary to undertake a subsequent stress analysis before the 
component is reassessed in terms of the thermal design. This reassessment may be in 
terms of the component itself or the boundary conditions.
These boundary conditions include those on the gas-side and coolant-side, both of 
which are described in this chapter. The three coolant heat transfer regimes of forced 
convection; forced convection plus nucleate boiling and transition boiling, described in 
section 3.3, have been used in finite element (FE) models of engine cylinder heads.
The convective and nucleate heat transfer regimes use the Dittus-Boelter Chen models. 
A model for the CHF is based on limited data extracted from work by Finlay et 
al [1985B, 1986B and 1987] at the National Engineering Laboratory (NEL). The CHF 
data, estimated from Finlay et al was crucial to the development of understanding that 
the CHF must have occurred for the Ford 1.8 litre turbocharged IDI diesel, Campbell 
and Charlton [1986]. As a result, the influence of coolant velocity and system pressure 
in the CHF is modelled initially by CHF model A, equation 4.3. However, this model is 
based on small-bore axi-symmetric data only.
The three dimensional analysis of a Ford 4-valve aluminium alloy concept cylinder 
head is undertaken and results for non-optimised forced convection plus nucleate 
boiling versus standard forced convection are compared.
A comparison between the use of a low coolant velocity plus nucleate boiling versus a 
high forced convection strategy shows that the critical regions of a cylinder head can be 
maintained within the design temperature limits. The cylinder head extremities are 
maintained at higher temperatures with the nucleate boiling strategy and the greater 
uniformity in temperature should enable improved component durability.
A single value of coolant velocity has been used around the whole of the cylinder head 
and thus the solution is non-optimised. By tuning regions of the cylinder head to have 
further reductions in velocity, greater flowrate reductions can be made together with 
further improvements to the uniformity of temperature. Accurate representation of the 
coolant-side boundary conditions is required for FE analysis.
Finite element analyses show that:
• Nucleate boiling is significant in providing uniform temperatures at low velocities
• Transition boiling is undesirable
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• The importance of the critical heat flux (CHF) as the limit to nucleate boiling and 
the start of transition boiling in engine FE analyses
• That spatial targeting is required. The effects of heat fluxes from the valves
combine with the fluxes from the flame face to provide a highly 3-D thermal
problem, especially in the area of the valve bridge.
• The integrity of the FE solution is dependent on the quality of the boundary 
conditions.
• The maximum metal temperatures obtained with a low, non-optimised, velocity 
with flow boiling are lower than the metal temperatures obtained with high forced 
convective coolant velocities only.
• The metal temperature distribution obtained with a low, non-optimised, velocity
with flow boiling is more uniformity than the distribution obtained with high 
forced convective coolant velocities only.
Non-linear, 3-D, thermal, finite element analyses, including boiling, require significant 
amounts of supercomputer resources. These resources are in terms of time, memory 
and disk storage. As a result, the finite element analyses undertaken around 1986 and 
1993 have not been repeated.
1.3.4 Chapter 5 -  Test rig development
Preceding chapters demonstrate that nucleate boiling can be advantageous in engine 
cooling. Similarly, the CHF and transition boiling are to be avoided. In the light of the 
preceding FE analysis, boiling and the CHF in the context of low flow, small geometry 
ducts needs to be examined further experimentally.
In this context, prediction of the level of the Critical Heat Flux (CHF) is crucial to the 
use of nucleate boiling. However, there is not enough experimental data in the open 
literature to fully validate the CHF models used at this stage. An experimental thermal 
flow bench rig is required to obtain data, test and validate nucleate boiling models and 
test or develop CHF models. The use of these models may achieve more accurate 
representation of the FE boundary conditions that are required.
The traditional thermal flow rig design requirements are:
a) Variability in coolant velocity (flowrate)
b) Inlet temperature
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c) System pressure
d) Wall material and surface finish
In addition, the following design criteria have been included for particular emphasis:
• Obtain confirmation data for forced convection and nucleate boiling regimes.
• Obtain data for the CHF.
The thermal flow bench must be able to accommodate:
• Adjustment in cooling gallery dimensions.
• 1-D heat flows.
• Angled jets.
Previous investigators have used thermal flow bench rigs in the context of engine 
cooling. These rigs are reviewed in this chapter. All of these investigators have studied 
the forced convection and nucleate boiling regimes experimentally, but only Finlay et al 
provide some substantive data for the CHF.
It is suggested, in previous chapters, that the gallery or duct size has an influence on the 
level of CHF. Most of the test sections, used by investigators, are circular and provide 
little if any information on how heat transfer changes with gallery size. Thus, a 
significant requirement, for the rig test section, is to provide information on how heat 
transfer varies with gallery size and how it is affected by changing the duct hydraulic 
diameter.
Smith et al [1970] have shown that significant increases in heat transfer may be gained 
by applying an angled jet of fluid to the heat transfer surface. Thus, the ability to be 
able to install a jet in the test section is seen to be required.
This chapter discusses the design of the test rig in the light of the previous 
investigations. Elements of the rig and hydraulic circuit are described followed by 
descriptions of the data acquisition system. Calibrations for temperature, flow and 
pressure are described followed by the test procedure itself.
1.3.5 Chapter 6 -  Experimental results including the CHF
Experimental results are presented for changes to the following coolant parameters:
• Velocity
• Hydraulic diameter




In addition, experimental results are presented for the following:
• Specific experimental CHF results
• Ageing, repeatability and hysteresis
Having identified the reasons behind the development of the rig in the previous chapter, 
experimental results for coolant heat transfer are presented. These heat transfer results 
take the form of heat flux density, heat transfer coefficient and bubble or boiling 
Reynolds numbers. Changes in these heat transfer quantities are shown versus the 
coolant parameters: velocity, duct hydraulic diameter, inlet temperature and system 
pressure. Occurrences of the CHF are also shown in these sets of data. Test section 
pressure drops achieved up to and including the CHF are also presented.
Prior to the main discussions of this chapter, explanations on the methods of data 
processing and data presentation are given. The chapter finishes with presentations on 
ageing, repeatability and hysteresis.
1.3.5.1 Summary of results 
Coolant velocity
Increases in coolant velocity give rise to increases in heat flux especially in the 
convective regime.
The increases in heat flux in the nucleate regime due to coolant velocity are not as 
significant, because the nucleate regime heat fluxes are so dominant. This is especially 
true at low velocities. These low velocity nucleate heat fluxes are largely co-incident.
The total flux in the nucleate regime may be split into its two components (forced 
convection and flow boiling) using the conventional superposition principle. If the 
complete convective component is projected into the nucleate regime, higher velocities 
and low wall superheats cause nucleate boiling suppression, i.e. Chen’s nucleate boiling 
suppression holds at low wall superheats. At higher wall superheats, this high velocity 
boiling suppression is less effective, such that a common level of boiling flux is attained 
for all velocities, Le. at high wall superheats, Rohsenow ’s flow boiling flux is no longer 
influenced by velocity.
Increases in the wall superheat lead to increased bubble agitation dominating the 
convection boundary layers. An alternative scenario to the Chen method of boiling
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suppression is that of Bowring convection suppression. Using the Bowring method, the 
balance of the convective and nucleate components may change but the total flux may 
remain unchanged. The use of the Bowring method has not been attempted and stands 
as a recommendation for future work.
Hydraulic diameter (passage geometry)
No consistent changes in heat transfer with duct diameter are observed in either the 
convective or the boiling regimes. Any expected change in the forced convection 
component due to the increasing diameter is not shown because the convective 
component is too small
Inlet temperature
In the convection regime, the increases in heat flux observed for increased subcooling 
are consistent with the increase in wall to fluid temperature differential. No apparent 
change is observed in the convective heat transfer coefficient.
For the boiling regime, the bubble Reynolds number is consistently shown to increase 
with a reduction in the inlet temperature (or increase in subcooling). Increasing levels 
of subcooling cause two effects:
e) The vapour bubbles leave the heated surface faster
f) A cooler fluid rushes in to replace the escaping vapour
This is a phenomenon not observed in saturated boiling by definition.
System pressure
Pressure changes do not influence the forced convection component. Reductions in the 
boiling flux are observed, as less thermal energy is required to initiate and develop 
bubbles at lower pressures.
CHF attainment
The CHF is the point at which the increase in frequency of formation and departure of 
bubbles can no longer be sustained.
The CHF has only been attained for low velocities, <0.5 m/s, high inlet temperatures, 
90 °C, and low exit pressures of 100 to 130 kPa over the range of heat fluxes tested up 
to =1500 kW/m2. These critical heat fluxes are attained across the range of duct heights 
tested.
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Reducing system pressures in order to attain nucleate boiling at lower wall temperatures 
should be undertaken with care, due to the corresponding reduction in the level of the 
critical heat flux.
The critical heat fluxes attained have been in the order of 980 (as cast aluminium) to 
1340 kW/m2 and corresponding surface wall temperatures between 160 and 170 °C.
These critical heat fluxes are considerably higher than those attained by 
Finlay et al [1987], which were in the range 200 to 1300 kW/m2. This is due to a 
number of reasons:
a) The current rig is flow controlled rather than pressure controlled
b) 1-D versus axi-symmetric ducts. Bubbles develop all around the heated tube 
whereas the bubbles develop on one side only of a 1-D heated duct. Vapour 
blockages are more likely in a uniformly heated tube.
c) Due to the difference in the heated surface areas involved, the heat flows or 
power, in terms of Watts, attained by the 1-D rig are lower than those attained by 
the axi-symmetric rig. The higher heat flows would generate higher exit coolant 
temperatures, which are closer to saturated boiling.
Ageing and repeatability
A very clean surface and new fluid appears to cause very sharp increases in heat transfer 
with subsequent tests showing more repeatable boiling profiles.
Hysteresis
Levels of heat flux of the order of 150 kW/m2 higher have been shown for the 
descending part of the hysteresis loop over that of the ascending. For normal anti­
clockwise hysteresis, the ascending cycle requires a certain level of super heat before 
boiling develops, but once started, boiling can be maintained with smaller levels of 
super heat on the descending cycle.
1.3.6 Chapter 7 -  Modelling and predictions
Results of model and predictions are shown for:
• Coolant heat transfer modelling
• 1-D heat transfer network
1.3.6.1 Coolant heat transfer modelling
Coolant prediction models are compared with experimental results for:




The accuracy of the Dittus-Boelter forced convection model is examined against 
experimental data. Flow boiling models for Thom and Cipolla are viewed at low 
velocities. However, due to the inappropriateness of the method of application these 
two models are not examined further. The accuracies of the Chen and Rohsenow flow 
boiling models are examined against experimental data. Improvements to the 
Rohsenow flow-boiling model are suggested and examined against experimental data.
The Chen flow-boiling model is found to be most accurate against the experimental 
results. Hence, the performance of the Chen model is compared against experimental 





In addition, results for the following item are shown:
• Coolant temperature rise
Inaccuracies in the Chen model for suppression and pressure prediction are emphasised.
The Chen model is also compared against aluminium alloy for both smooth and rough 
surfaces. The Chen model does not include a roughness factor and is less accurate with 
rough surfaces.
The Zuber model is found to be most accurate compared against experimental critical 
heat fluxes. (The Zuber model is pressure dependent only.) Although coolant velocity 
and inlet temperature are reported to increase the CHF, these effects are ignored such 
that the CHF model recommendation is conservative.
1.3.7 Chapter 8 -  Implications of this work on future engine cooling strategies
This chapter discusses and speculates upon aspects of:
• Gas-side temperature and heat transfer, i.e. further discussions on the topics 
covered in section 1.2 of chapter 1
• Objectives of engine cooling including:





• Proposed engine cooling strategies including:
Coolant specific 
Engine component specific 
Engine wide 
Cooling system wide
Gas-side temperature and heat transfer is discussed by summarising the topics covered 
in section 1.2 and further discussion takes place. In the light of the work so far 
presented in this thesis, the objectives of engine cooling are discussed under the 
headings of traditional and current. Future directions and requirements for engine 
cooling may be speculated upon. To attempt to accomplish the objectives and 
requirements of engine cooling, proposed strategies are discussed. Specific details are 
examined first before widening out the discussions. Hence, the engine strategies 
include: coolant, engine component specific, and engine wide. Finally, although 
considered not fundamentally part of the remit of this thesis, the cooling system as a 
whole is discussed briefly.
1.3.8 Chapter 9 -  Conclusions
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b) Schematic diagram
c) Pool boiling with lines of increasing forced convection
Figure 1.1 Coolant heat transfer regimes for pool boiling, Collier and 
Thome [1994]. a) Heat flux versus surface temperature for water at 
atmospheric pressure, b) Schematic diagram, c) Pool boiling with 
lines of increasing forced convection superposed.
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Energy flow diagram for IC engine. (rfi/Gunr) —(fuel flow rate x lower heating value, = 
heat-transfer rate to combustion chamber wall, t i ,  = exhaust gas enthalpy flux, Pk -  brake power,
— total friction power, P, = indicated power, P¥  = piston friction POwerJ~5~ . = I heat-rejection 
rate to coolant, = heat-transfer rate to coolant in exhaust ports, H . . .  = exhaust sensible 
enthalpy flux entering atmosphere, f t .M = exhaust chemical enthalpy flux due to incomplete com­
bustion, ^  = heat flux radiated from exhaust system, t = exhaust kinetic energy flux, = 
sum of remaining energy fluxes and transfers.
Figure 1.2 IC Engine energy flow diagram, Heywood [1988].
Energy in = m"f Qlhv- Coolant energy out = Q“cooi
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Figure 1.3 Brake mean effective pressure versus engine speed for, 
Willumeit et al [1984]:
a) Percentage improvement in fuel consumption and
b) Percentage improvement in HC reduction.
Nucleate Boiling in Engine Cooling and Temperature Control 1-28
Introduction
Consumption Comparison on Plat Rood
hfluence of Temperature Setting
T T S V
Const ont Speod (Hot Rood Km/h) 
B B  T.=65°C H |  W ot* T.=t 15°C
Figure 1.4 Fuel consumption comparison for flat roads. A comparison using 
different coolant temperatures, Couetoux and Gentile [1992].
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b) Variation of HC and NOx comparison with air fuel ratio at different cylinder 
wall temperature conditions.
Figure 1.5 a) Fuel consumption and b) HC and NOx comparison at different 
cylinder wall temperatures. Part load conditions for a 1.1 litre SI 
engine, Finlay et al [1989].
Tests A and C at low block temperatures. Tests B and D at high 
block temperatures due to no forced circulation of coolant in block.
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Figure 1.6 Coolant temperature warm up times for precision cooled engine 
(exp.) versus standard engine (std), Clough [1993].
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2 L iterature survey  -  E ng ine  cooling  hardw are
2.1 Introduction
This chapter aims to survey and review engine cooling for the following three topics:
• Engine cooling systems and components
• Engine thermal management and advanced engine cooling concepts
• Engine component integrity and durability
The previous chapter reviews thermal aspects of the engine gas-side and the importance 
of gas-side temperatures and heat transfer on emissions, is established. This chapter 
reviews aspects of temperature, and heat transfer, on the engine cooling system and the 
engine components and materials Le. the hardware. The following chapter, chapter 3, 
reviews, more specifically, the coolant itself.
Fuel economy, mentioned previously in the gas-side aspects, is discussed further here. 
Cooling system components are studied for their role, and adaptability, to methods of 
control Introductions to the role of engine cooling, in engine thermal management, are 
made. The benefits of advanced cooling concepts are also covered.
The engine cooling system may be viewed as a sum of all the parts; pump, thermostat 
etc. The use and performance of each part needs to be addressed, both separately and as 
part of the system. The overall cooling system objectives include:
• Fuel economy through reductions in friction and parasitic losses
• Cylinder head and block integrity and durability through thermal spatial targeting
• Engine warm-up
• Passenger comfort
For the engine components, cylinder head and cylinder block, discussions usually relate 
to their mechanical integrity and durability. Mechanical integrity represents the short 
term, where failure is usually catastrophic. Durability represents the longer term, where 
failure may not necessarily be catastrophic. Spatial targeting relates to the overheating 
of thermal critical regions and the over-cooling of the outer extremities. The power 
cycle of the engine, part load or full power, has important ramifications for the engine 
components and cooling system design.
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The performance of the cooling system can be affected by the hydraulic efficiency of 
each component. The hydraulic efficiency of a component is related to the pressure and 
flow losses or coolant velocity. The hydraulic design and efficiency of cylinder head 
and block passages may be also be improved. These design specifications need to be 
addressed as a means of achieving the overall cooling system objectives. These design 
specifications include the following:
• Cooling passage velocity
• Passage design geometry
• Effects of coolant temperature
• Effects of coolant pressure
Engine components and cooling system design are addressed in terms of the above four 
coolant parameters. The following sections intend to show the importance of the 
cooling system objectives and the significance of the coolant parameters in attempting 
to achieve these objectives.
Definitions of the conventional engine cooling systems and components need to be set 
out before advanced cooling systems can be described. Hence, the means for achieving 
changes to engine cooling may be understood and then implemented. The details in the 
following sections are summarised at the end of this chapter.
2.2 Engine cooling systems including pumps thermostats etc.
The conventional liquid cooled system is described in terms of the elements, that are 
considered to be directly concerned with the engine, i.e. the coolant pump, thermostat, 
radiator, radiator fan etc. The traditional primary view, of the cooling system, is to cool 
the engine, with a secondary requirement, to provide vehicle interior heating. Some 
engines are cooled by air.
2.2.1 Air cooling
Air-cooling is simple for small capacity or low output engines, Stone [1992]. These 
engines tend to be noisier because, they lack the box structure of a liquid cooled system, 
are less rigid and therefore radiate sound. The cooling fan generates noise through the 
large volumes of air motion. However, some Deutz air-cooled engines are very quiet, 
Nunney [1992]. The cylinder heads and blocks are complex ribbed components.
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It is, however, more efficient, in terms of vehicle interior, heating to use water-cooling 
rather than air. Liquid to air heat exchangers are used rather than the air-to-air matrix 
required for air-cooling, Nunney [1992].
2.2.2 Liquid cooling
Most liquid cooling systems use water as the base or primary component in the liquid. 
Early water-cooled systems used the thermosiphonic principle, before the arrival of the 
contemporary forced circulation systems.
2.2.2.1 Thermosiphonic or natural cooling system
The thermosiphonic cooling system was used until the 1930s, Nunney [1992]. It 
consisted of a radiator, rubber hoses, a header tank and sometimes a fan. The water 
jacket inlet was at the bottom of the engine and the outlet at the top. The heat transfer 
principle is based on natural convection, or density changes, and the water circulation 
rate was in proportion to the engine load and not speed. As the load increases, bubbles 
rise and the density changes increase the circulation. Historically the Model T Ford had 
a thermosiphonic system for the 20 years to 1927, Nunney [1992].
Advantages Disadvantages i
Simple and low cost Circulation not positive j
Quick warm-up Large water passages required
Radiator header tank must have high location j
relative to jacket. j
Circulation proportional to engine Circulation proportional to engine load only !
load only !
Table 2.1 Advantages and disadvantages of thermosiphonic cooling systems, 
Nunney [1992].
2.2.2.2 Forced-circulation cooling system
A pump provides forced circulation for effective cooling at high temperature locations, 
Nunney [1992]. The high pressures tend to avoid steam pockets in these critical areas, 
Nunney [1992]. Forced circulation allows for a reduction in the coolant volume and the 
cooling jacket can be reduced in size. The radiator can also be reduced in size because, 
a higher mean temperature can be maintained between the faster flowing coolant and 
the airflow, Nunney [1992].
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Advantages Disadvantages
Warm up is quick provided a  thermostat is used Complicated and
costly
Circulation proportional to both engine load and speed, the former
provided thermostat used
Circulation positive
Smaller water passages and radiator
Radiator header tank may be lower than jacket
Table 2.2 Advantages and disadvantages of forced cooling systems, 
Nunney [1992].
The circulation path of the coolant through the engine is defined in terms of parallel, 
independent parallel, or series flow, figure 2.1, Nunney [1998]. Parallel flow allows for 
each cylinder in the block, to receive a proportion of the overall flow, before passing to 
the cylinder head. The less common series, flow system, follows the flow around each 
cylinder in the block, before passing to and flowing along, the length of the cylinder 
head. The cylinder head gasket is only required as a gas seal. The parallel system 
allows the cylinder head gasket to tune the proportion of flow to each cylinder. The 
flow of coolant, from the block to each cylinder in the cylinder head, is adjusted by the 
size of the holes in the cylinder head gasket. Coolant flow distribution is often 
visualised by the use of clear plastic models, Arcoumanis et al [1991], Stone [1992] and 
Clough [1993].
Nunney [1992] suggests, “It is usual for the lower temperature coolant to enter the 
jacket, and circulate over cooler surfaces of the engine first, to minimise thermally 
induced stresses”. It may be desirable to avoid thermal gradients, where possible, but 
the temperature of the coolant at inlet, does not necessarily induce thermal gradients. 
Large volumes of a cold coolant entering a hot engine may give rise to thermal shocks, 
however.
In order for the forced circulation to arise, a pump is required.
2.2.3 Coolant pump
The coolant pump is invariably a centrifugal device, with a plastic or metal impeller. 
This device is non-positive Le. not based on displacement and therefore has the 
following advantages, Nunney [1992]:
a) Provides a continuous rather than a pulsating flow
b) Removes the ability to generate excessive pressures and therefore overload the 
pump drive
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c) Provides a limited passage for thermosiphonic convection in the event of drive 
failure
The pump housing is usually partly formed as an integral feature of the cylinder block, 
for low cost and simple assembly, due to the low number of components, 
Nunney [1992]. As the centrifugal pump does not self-prime, the coolant level must be 
above the pump inlet. In order to avoid cavitation, the pump should be mounted low, to 
allow for a head of coolant. Flow delivery from the pump is not directly proportional to 
the pump speed, as there is some re-circulation via the impeller clearances, 
Nunney [1992].
Flows of 2.5 to 3.0 litre/min are required for every kW of power for a spark ignition 
engine and 1.75 to 2.25 litre/min for every kW of power for a compression ignition 
engine, Nunney [1992]. If the engine-cooling requirement is based on the mass flow 
rate alone, the SI engine is suggested to have a greater cooling requirement than the Cl 
engine. However, Nunney states that the Cl engine has the greater cooling requirement. 
Perhaps, greater coolant flows are required for the critical area of the indirect injection 
(IDI) engine, compared with the direct injection (DI) engine, due to the greater severity 
of heating of the pre-chamber valve bridge area. The pre-chamber throat delivers a high 
velocity jet of hot gas to the main chamber, adjacent to this critical pre-chamber valve 
bridge area, thus promoting the severity of the heat flux.
The form of pump is usually simple in design, but low in efficiency, Fisher [1989] and 
Stone [1992]. The conventional centrifugal or mixed flow pump may typically 
consume 1 to 1.5% of peak engine power, but may consume as much as 3%, 
Fisher [1989]. There are penalties in selecting excessively high fluid velocities, since 
the pump power varies as the cube of the fluid velocity. By considering the cooling 
circuit hydraulic design, the system resistance may be reduced by as much as 40%, 
thereby enabling further reductions in the required pump power, Fisher [1989]. Further 
savings can be made by improving pump efficiency and an electrically driven pump 
with three times the efficiency to the conventional unit, can be used, Fisher [1989].
The installation of a low flow, electric, coolant pump of 30 to 60W, may replace the 
conventional 1 to 2 kW pump for a conventional system, Ap and Golm [1997] of Valeo. 
In addition, the use of reduced cooling system pressures allows system assembly with 
cheaper cooling system components, Ap and Golm [1997]. There is a perception that 
an electric pump is not as reliable as the mechanical drive, due to its separation from the
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crankshaft. A compromise exists for a crankshaft driven pump, fitted with electronic 
clutch, Finlay [1991].
2.2.4 Thermostat
The thermostat valve was introduced to the engine in the Cadillac V8 in 1914, 
Nunney [1992], to:
a) Reduce warm up times
b) Maintain optimum running temperatures
c) Meet the requirements of vehicle interior heating
The thermostat is usually located, between the coolant outlet from the cylinder head 
jacket and the inlet to the radiator and header tank. With the thermostat, the engine may 
warm up quickly, because a smaller volume of coolant gets heat initially, rather than the 
whole coolant system. The thermostat valve usually begins to open at 75 to 80 °C and 
is fully open at 90 to 95 °C, Nunney [1992].
A thermostat may be of the aneroid or bellows type with a vapour filled metal bellows. 
The vapour pressure in the bellows balances against the pressure in the cooling system. 
The hydrostatic or wax type thermostat has wax that melts and expands thus 
compressing a rubber insert, which displaces a thrust rod. This type is relatively 
insensitive to pressure variations and is more robust in construction, Nunney [1992].
By replacing the thermostat that has a pressure drop of 0.3 bar with valves of 0.02 bar 
pressure drop, hydraulic circuit losses can be reduced, Melzer et al [1999].
2.2.5 Radiator
The radiator operates, by conduction and convection, to remove heat from the cooling 
system, Nunney [1992]. The material used is traditionally copper, but aluminium and 
plastic have less weight and are less costly. Other factors involved in radiator 
construction include the requirement for no painting and a resistance to corrosion. 
Unfortunately, the complex shapes required in the radiator design, usually lead to 
replacement rather than repair, Nunney [1992].
Two arrangements, for the coolant flow within the radiator, are down flow and cross 
flow. The cross flow arrangement was developed because of a requirement for low and 
wide radiators, Nunney [1992].
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Radiator inefficiencies arise through partially blocked waterways, Nunney [1992]. The 
presence of corrosion products, on internal surfaces, prevents an efficient heat flow path 
and/ or coolant flow path. Similarly, partially blocked airways, and malfunctioning 
pressure caps, give rise to radiator inefficiencies, Nunney [1992].
2.2.6 Radiator fan
The fan maintains the efficiency of the radiator, especially at low vehicle speeds, 
usually by pulling the air through the radiator. Different arrangements for the fan 
include, Nunney [1992]:
a) The fixed drive fan where the pump and fan are on the same shaft. This 
arrangement is mainly used on commercial vehicles. The disadvantages include 
noise and as the power consumed by the fan increases as the cube of fan speed, there 
is a tendency to overcool the coolant.
b) A variable-drive fan may be torque limiting or temperature sensitive. Both systems 
employ viscous couplings to ensure that coolant overcooling is avoided. As the 
shaft speed increases, the fan load rises above that of the viscous coupling drag and 
slip occurs. The fan speed is therefore limited. However, the airflow may be 
inadequate if the engine speed is high but the vehicle speed is low. The temperature 
sensitive fan allows the level of the fluid in the coupling to vary. A bimetallic strip 
is heated by air from the radiator Le. the hotter the radiator air the more the fan 
drives.
c) An on-off fan is used for diesel engines for quick warm-up. A thermostat valve in 
the radiator cap controls the flow of compressed air to a fan clutch. When the 
thermostat is hot, air pressure to the clutch is cut off and the fan is driven.
d) A thermostat in the lower half of the radiator operates an electric fan. The 
thermostat turns the fan on and off. This allows for a quicker warm up and the fan 
consumes less energy. In addition, when the fan is off there is less noise. 
Conversely, when on, the fan may be noisier due to operating at a higher speed. 
This system also has the advantage that the radiator and fan package can be mounted 
anywhere.
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2.2.7 Header tank
The header tank is usually separate from the radiator and accommodates the coolant 
expansion. It serves as a reserve to maintain the system full of coolant and limits 
aeration or degas in the medium, Nunney [1992].
2.2.8 Cooling systems and thermal management
Increasing demands are being placed upon the cooling system, in terms of the efficiency 
of each component and the addition of other components, such as charge air coolers, 
engine oil coolers and air-conditioning, Kern and Ambros [1997] of Behr. There is less 
packaging space and energy, available for these components. Attention is being focused 
on the thermal loading of the cooling system. The components must be sized to account 
for the most demanding thermal loads i.e. driving uphill with a trailer, Kern and 
Ambros [1997]. However, the experience within the automotive industry is that these 
critical driving conditions are experienced for 3 to 5% of the time in practice, Kern and 
Ambros and Ap and Golm [1997]. Hence, for most of the driving period, the cooling 
system is oversized and the engine overcooled.
By simulating a maximum power condition with the thermostat fully open, Kern and 
Ambros [1997] show that for minimal pump flows and fan speeds, the outlet 
temperature of the engine is greatest, figure 2.2. Increasing either the pump or the fan 
speed leads to a reduction in the engine outlet temperature. Kern and Ambros go further 
by plotting the sum of pump and fan power together with the engine outlet temperature, 
figure 2.3a. Savings in power can be made by allowing the engine outlet temperature to 
rise, points S to T to Q in figure 2.3 a and b. Melzer et al [1999] of Bosch show that 
higher coolant temperatures lead to lower fuel consumption especially at idling and part 
load, figure 2.4. Testing on a 1.4 litre car with a heat rejection of 20kW, electric pump 
and a “Thermomanagement” system, achieved a 5% fuel consumption reduction 
compared to the conventional vehicle, Melzer et al [1999].
It is possible to improve passenger comfort, by using cooling system thermal 
management techniques. The electric pump and “Thermomanagement” system 
maintains a constant cab heater air temperature, after the vehicle switches to idle from 
high speed. The air outlet temperature on the conventional vehicle dropped, 
Melzer et al [ 1999].
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2.3 Engine thermal management and advanced engine cooling concepts
Early attempts at the thermal management of metal temperatures in an engine were 
conducted by Finlay et al [1985A] of both NEL and Austin Rover. The effect of the 
cylinder head material on engine temperatures for a 1.275 litre, spark ignition, engine is 
described. In addition, changes to the coolant velocity, composition, pressure and 
temperature are effected. The effect of lowering the system pressure reduces metal 
temperatures by up to 12 °C; this assumes that nucleate boiling is present. Forced 
convection cooling alone is not dependent on the system pressure. Finlay et al report 
the influence of the coolant pump speed to be limited and a greater influence on engine 
temperature can be achieved, with changes in system pressure. Most of the tests were 
undertaken with water, rather than the conventional ethylene glycol water mixture. 
Changing the coolant from water to an ethylene glycol water mixture is shown to 
increase temperatures.
There are two main disadvantages of current cooling systems, Stone [1992]:
a) A large volume of coolant leads to slow engine warm up
b) Overcooling of parts of the engine
Overcooling of parts of the engine, especially cylinder liners at part loads, is important 
for friction and fuel consumption.
In order to address overcooling and friction together with, issues raised previously in 
discussions on gas-side thermal aspects, a number of advanced cooling concepts are 
introduced. These concepts include:
• Engine wide cooling strategies -  temperature control, controlled component 
temperature cooling, dual circuit and reversed flow cooling
• An engine component specific strategy - precision cooling, as applied to the 
cylinder head or block
• The use of phenomena inherent to the coolant i.e. evaporative boiling and nucleate 
boiling
2.3.1 Coolant temperature control and metal temperature control
Fuel consumption, engine efficiency and passenger comfort are targets for engine 
cooling researchers. One method used is coolant temperature control, as advocated by 
Couetoux and Gentile [1992] of Valeo and Renault. An alternative is Controlled
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Component Temperature Cooling (CCTC), as advocated by Willumeit et al [1984] of 
Volkswagen, to improve engine efficiency, by reducing heat transfer and friction losses.
2.3.1.1 Coolant temperature control
Couetoux and Gentile [1992] aim to reduce the fuel consumption and increase the 
passenger thermal comfort, using coolant temperature control of a Renault 1.4 litre 
“Energy” engine. A slight dependence of the cylinder head temperature on coolant flow 
rate is shown, allowing reductions to be made. As these coolant flow rates are reduced, 
the coolant temperature has less influence on the internal wall temperatures. Couetoux 
and Gentile [1992] report from the work of Schuck (1991) that reductions in coolant 
flow do not produce significant fuel consumption savings. However, increasing the 
coolant temperature is significant for fuel consumption. A coolant temperature increase 
(85 to 115 °C) obtains a reduction of 4 to 5% in fuel consumption, but may be as high 
as 10%, figure 1.4. The coolant system control is based on a 300W electric pump, valve 
and electric radiator fan. Furthermore, shutters are located in front of the radiator. 
Feedback is in the form of coolant temperature, intake manifold pressure, engine speed 
and vehicle speed. The manifold pressure and engine speed are used to calculate the 
engine power.
An example of coolant temperature control, at its extreme, is the Ford Mustang and 
Mustang Cobra 4.6 litre engine. The engine management systems monitor the coolant 
temperature. If a coolant temperature of 104°C is reached, the spark is retarded and if 
the coolant temperature exceeds 138 °C, fuel to the cylinders is cut off, Lankard [1995].
2.3.1.2 Controlled Component Temperature Cooling (CCTC)
Fuel consumption is lower for engines operating at higher temperatures, due to the 
improvements in the combustion process and reductions in friction, 
Willumeit et al. [1984]. The use of controlled component temperature cooling is 
advocated, such that an engine component temperature is maintained to be constant, 
rather than the conventional coolant temperature. A flow valve operated with 
temperature feedback maintains control. The temperature of the cylinder block wall at 
top dead centre is used. Heat loss to the coolant decreases with increasing coolant 
temperature, but the heat transfer to lubricant, and radiation losses, increase. Stalling 
the coolant flow in the block, until a trigger temperature is reached can reduce the 
warm-up time. Meanwhile, the coolant flow is maintained in the cylinder head, for 
transference of heat to the passenger compartment.
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2.3.2 Dual circuit, parallel or split flow cooling
By using dual circuit cooling, Kobayashi et al [1984] of Toyota are able to show that, 
control over engine operating temperatures may improve the combustion process. Dual 
circuit cooling reduces the knock tendency of a gasoline engine under increased 
compression ratio. A baseline 1.3 litre, 4-cylinder engine uses an inlet coolant 
temperature of 80 °C. A cylinder head gasket without water holes separates the cylinder 
head and block cooling circuits with their own heat exchangers, pumps and flow control 
valves. The degree of knock reduction obtained by lowering cylinder head temperatures 
is twice that gained by reducing cylinder block temperatures. Charging efficiency also 
improves by reducing coolant temperatures. Friction torque increases considerably by 
lowering the block temperatures and outweighs the increases in charging efficiency. 
Kobayashi et al recommend that the inlet temperature to the cylinder head be at 50 °C 
and to the block at 80 °C.
Separate cooling circuits for the cylinder head and block may enable higher block 
temperatures. Hence, frictional losses for a 1.1 litre, 4 cylinder spark ignition engine 
reduce, Finlay et al [1989] of both NEL and Ford. Dual circuit cooling enables running 
a cool cylinder head and a hot block. The conclusions are that the brake specific fuel 
consumption reduces for higher wall temperatures.
2.3.3 Reversed flow cooling
Reversed flow-cooling exists, where the cylinder heads receive the coolant flow before 
the block. It may be used for packaging reasons, where the pump has to be attached to 
the cylinder head. Otherwise, reversed flow cooling may be used to promote the 
advantages of dual circuit cooling. The flow, passing to the cylinder head first, is at a 
lower level of inlet temperature than that of a conventional system. Having passed 
through the cylinder head, the coolant has been preheated and is therefore at a higher 
level of inlet temperature for the block.
The Ford 3.4 litre Taurus developed by Ford and Yamaha uses reversed flow cooling, 
Sawyer [1995], and Automotive Engineering [1996]. Sugiyama [1993] of 
Yamaha confirms that the coolant in the cylinder head is 1 to 3 °C lower for the 
reversed flow head than for the conventional head. The coolant through the block is 4 
to 6°C higher for reversed flow than conventional flow. However, Matsunaga [1993] of 
Yamaha concludes that reverse flow cooling has no specific advantages over
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conventional forward flow cooling in terms of performance, fuel economy and 
emissions.
2.3.4 Precision, unique or limited cooling
The term precision, unique or limited cooling, as used by a number of researchers, has 
evolved over time. Each researcher re-defines or modifies the term. One of the earliest 
definitions and uses is that by Ernest [1977].
In an early description of a “Unique Cooling Concept” by Ernest [1977] of Ford, two 
small troughs or hollow passages are cast into an aluminium cylinder head. The 
passages form around the combustion chambers to avoid the use of multifarious cored 
out passages normally cast into cylinder heads. In addition, a single drilled hole runs 
adjacent to the valve guides. The coolant flow path is in series in that flow passes 
through the block and then into the head at the end of the block.
Seven years later, Priede and Anderton [1984] of the Institute of Sound and Vibration 
Research (ISVR) provide the fullest description and use of the term “precision cooling”. 
Small bore coolant passages, adjacent to the injection nozzle, valve bridge, exhaust 
valve seat and exhaust valve guides replace the conventional large coolant filled spaces 
in a cylinder head, figure 2.5 a and b. Air occupies the remaining space in the head. 
Those regions, not directly cooled by the water-based coolant, are hotter than those of a 
conventional cylinder head but remain within safe, metal temperature limits. Priede and 
Anderton also note that, a greater uniformity in temperature distribution results in lower 
thermal stresses. The reductions in heat loss to the coolant allow reductions in the water 
pump power consumption. Furthermore, the power consumption of the fan or the 
radiator size can also be reduced. With the higher exhaust temperatures, there is an 
increase in exhaust energy available for turbocharging and compounding. The use of 
the small-bore drillings enable an open sided design of head, which can be die cast. 
Hence, this may lead to reductions in manufacturing costs, Priede and Anderton [1984].
A standard fully cooled cylinder head is compared to a “limited cooled” head using 
local drilled coolant passages, Moore and McAvoy [1986] of Cummins. This is their 
version of the precision cooled head. A fully cooled cylinder head contributes 40% of 
the engine heat to the coolant. The coolant is supplied at 82 °C and 102 1/min to the 
fully cooled head and at 88 °C and 13 1/min (an 87% reduction) to the precision cooled 
head. Increases in temperature were observed around most of the precision cooled head 
and a 46% reduction in heat loss to the coolant was measured. There is also an increase
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in the heat loss to ambient air. In addition to the greater uniformity of temperature, 
advantages are also to be gained from the reduced size of the cooling system.
A common theme for the three previous studies is the use of designed, small-bore 
passages in thermally critical areas, as opposed to the conventional ad-hoc cast 
passages.
Danckert et al [1988] of Volkswagen, consider the importance and application of the 
coolant flow velocity in detail The flow distribution within the cylinder head of a two 
valve pre-chamber engine is designed using the computational fluid dynamics (CFD) 
package PHOENICS. Flow velocities are designed to be in the range 1 to 6 m/s. Using 
this design, pump power savings of 2.2 kW are obtained. Boiling is not considered in 
the analysis.
Precision cooling is used to accommodate the high heat fluxes in the cylinder centre and 
low heat fluxes at the outer edge of a small 1.1 litre spark ignition engine, 
Finlay et al [1988], of both NEL and Ford. This strategy is used to avoid high metal 
temperatures at the cylinder centre and overcooling at the cylinder periphery. Nucleate 
boiling is suppressed by precision cooling in the context of small-bore coolant passages 
with high flow velocities. By limiting the effective cross sectional areas of the coolant 
flow path, flow velocities may be kept high. A precision cooled head operating with 
forced convection only is compared with a standard head. Although the velocities are 
higher, the bore of the passages is smaller and the coolant flow rates in the precision 
cooled head are 40% lower than in the standard head. These lower flow rates result in 
higher temperature drops across the radiator, which may not be acceptable if the inlet 
temperature is to be maintained. The precision cooled head allows temperatures to be 
lower than for the standard head by up to 50 °C.
A precision cooled circuit is considered where the efficiency of the coolant passage is 
improved by circuit hydraulic design, Fisher [1989]. Avoiding excessive coolant 
velocities can allow further reductions in the required pump power.
More recently, the principle of precision cooling “originally developed for diesel 
engines is to provide cooling only where it is needed at a rate proportional to the local 
heat flux”, Stone [1992].
Clough [1993] of Jaguar continues the theme of designing the coolant passages to be 
hydraulically efficient. The techniques of Computer Aided Design (CAD) and fluid 
network analysis are used. This precision cooled system allowed reductions in the
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water pump power of up to 1.8 kW by reducing the bulk flow rates and a reduction of 
heat to coolant of 4.5% based on percentage of fuel heat. Clough reports this work as 
the first application of precision cooling within a production engine. The aim was to 
produce a six cylinder, 24 valve, in-line engine with the same manufacturing costs as 
those of a conventionally cooled engine. Clough tables target velocities for the cylinder 
head in the range 1.5 to 5.5 m/s. The high velocities are reserved for the high heat flux 
locations between the ports and at the cylinder centres. These high heat flow areas are 
chosen to correspond to the envelope between forced convection and nucleate boiling. 
Vapour bubbles and film boiling cause coolant flow restrictions and are to be avoided. 
The velocities in the cylinder block are targeted to be between 0.4 to 1.7 m/s. 5.5 m/s is 
the chosen flow limit to minimise pressure drops but is seen as 10 times that of 
conventional cooled engines.
Clough describes the design of the head for longitudinal rather than transverse flow. 
The transverse arrangement is seen to allow more flow to the cylinder nearest the exit 
whereas longitudinal design gives common flow levels throughout the head. Two 
potential problems are associated with this longitudinal strategy:
a) There is a temperature increase from end to end, which is considered to be low
b) Operating at a low bulk flow rate may reduce the high-pressure drops associated 
with series resistances
The exhaust ports are exceptions where a transverse flow has to be maintained between 
the ports. The flow for the block is designed with the intention of increasing metal 
temperatures in the lower parts of the block over that of conventional engine. In order 
to achieve low flows and reduced flow volumes for the block, a bypass rail joins the 
excess flow with the block flow and passes it into one end of the head. Although flow 
resistance and pressure drops are significantly higher in the precision cooled head, 
pump power is still saved.
To summarise precision cooling:
• The first proponent of precision cooling in its earliest and narrowest terms is 
Ernest [1977]. Limited use of simple cast passages provides cooling for critical 
regions only, together with air filled cavities rather than the normal multifarious 
cast coolant cavities and passages. Priede and Anderton develop this definition 
further with drilled passages and air filled cavities to provide the criteria of 
uniform temperature distribution in the cylinder head, savings in pump power and
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increases in energy available for turbocharging. Hence, precision cooling is used 
to cool hot regions efficiently and remove over cooling of the engine extremities. 
Further savings in coolant pump energy are sought by the use of design tools to 
design these passages to be hydraulically efficient. The more recent researchers 
have tended to extend the use of precision cooling to avoid vapour pockets by 
high velocities.
Cross-drillings and angled jets can be used to apply the concept of spatial targeting 
introduced in precision cooling.
2.3.4.1 Cross-drillings and angled jets in the area of the valve bridge
Cross-drillings and angled jets are the application of precision cooling specifically in 
the critical thermal area Le. the valve bridge.
Cross drillings
A cross drilling is usually regarded as a tube drilled through the casting between the 
valves parallel and close to the flame face. Hence, it is also usually horizontal, 
figure 2.5 b. This definition is more specific than the overall use of small-bore passages 
and drillings in the cylinder head as described by Ernest [1977] and Priede and 
Anderton [1984]. Cross drillings are recommended particularly for cast iron cylinder 
heads, where thermal barriers may exist at the casting skin, French [1969, 1970] and 
Hartley [1978]. Thermal barriers and scale are discussed further in section 2.4.5.
The thermal distribution in the valve-bridge is studied using experimental engine tests; 
thermal flow bench tests and analytical techniques, Cipolla [1989] of Fiat. Flow bench 
tests show that a cross drilling maintains a lower coolant surface temperature than a cast 
cavity provided that; the flow velocity is sufficiently high. Should the velocity be 
reduced such that the mechanism of heat transfer is nucleate boiling, then the cast cavity 
passage maintains a lower coolant surface temperature than the cross drilling. Cipolla 
suggests this is due to a smooth surface being less conducive to nucleate boiling than 
the rough as-cast surface.
Angled jets
An angled jet is a free jet directed at the back face of the flame plate; an example is that 
from International Harvester shown in figure 2.6, Nunney [1992].
A jet, angled normal to the cooled surface, is recommended to avoid the slow flow 
layers, Smith et al [1970] of BCIRA. The investigation by Smith et al is based on an 
idea by Dearden [1961] also of BCIRA, who discusses engine component design.
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Increases in the flow of a jet inclined at 60° to 90° to the water face surface (directed 
flow) are more beneficial than increases in the lamellar (parallel) flow, Smith et al 
With the same overall flow rate, changing the parallel flow to directed flow, reduces the 
flame-side temperature by 50 °C, figure 2.7. However, the experimental apparatus 
allows the velocity of the fluid passing over the heated section to change when 
switching to parallel or directed flow. Hence, there is no confirmation of the metal 
temperature difference being due to velocity changes or the angle of the jet. An inclined 
jet may be able to reduce the thickness of the boundary layer at the cooled wall to a 
greater extent than parallel flow, Smith et aL In addition, the inclined jet may inhibit 
the onset of transition or film boiling. Given a state of boiling in a critical area, the 
resultant increase in back pressure will cause the coolant flow to find an alternative 
route, Smith et al [1970]. High, local, directed flows should be provided to prevent 
excessive flame face temperatures, Smith et al
Shalev et al [1983] report the benefit of the addition of an electric pump supplying a 
coolant flow of 4 1/min (4% of total coolant flow) from a jet normal to the coolant 
surface of an engine. This addition results in a decrease of temperature 3 mm below the 
flame face of 10 °C. This suggests a larger temperature decrease at the flame face 
surface.
2.3.5 Evaporative systems
Evaporative engine cooling is also known as ebullient, vapour, vapour phase or steam 
cooling, Leshner [1983] of Vacor. Evaporative cooling leads to faster engine warm-up, 
reduced friction and therefore improved fuel economy, greater engine durability and 
safe low-pressure operation, Leshner. Essentially, the engine maintains the coolant at 
its boiling point at all operating conditions and thus this boiling is known as saturated 
boiling. The evaporative system requires an extra cooling system component, the 
separator, which returns the liquid back to the engine. The conventional radiator is 
replaced by a condenser, which extracts heat from the vapour. Hence, the vapour 
condenses to liquid and a liquid returns to the engine. There is no requirement for a 
thermostat. Because of the uniformity of engine temperature, overcooling is avoided, 
Leshner. A Chevrolet 1.8 litre engine with an evaporative system has more uniform 
temperatures and reduced maximum temperatures, Leshner. With a Chevrolet 2.0 litre 
engine, faster engine warm-up is shown for the evaporative system compared to the 
conventional system. The oscillatory nature of the response of the thermostat near its 
cracking temperature is observed for the conventionally cooled engine. Cases are stated
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for reduced in-cylinder corrosion, combustion chamber deposits, lower friction and 
savings in the volume of coolant used, Leshner.
Watanabe et al [1987] and Kubozuka et al [1987] of Nissan show that an evaporative 
system can reduce fuel consumption at low loads and improve engine warm up. In 
addition, it can reduce the size of the radiator and cooling fan. Maximum component 
temperatures are maintained and a uniform temperature distribution is achieved for each 
component. Reducing the engine friction and the pump power reduces fuel 
consumption. Increasing the lubricant temperature at the sliding surfaces reduces the 
engine friction. Warm up times for a coolant temperature increase of 40 °C can be 
reduced by 45% with the same engine coolant volumes, Watanabe et al. The use of low 
rates of coolant flow is emphasised. Kubozuka et al maintain control of the combustion 
wall temperatures by controlling the vapour pressure. At low loads, raising the pressure 
increases both the boiling point and the coolant temperature, which improves fuel 
consumption, Kubozuka et al At high loads, reducing the pressure lowers both the 
boiling point and the coolant temperature, which results in increases in low speed torque 
and reduces knock, Kubozuka et aL
Gentile and Zidat [1993] of Renault, use an evaporative cooling system to fulfil the 
need for fuel economy, reduction in exhaust emission and pollution. Reducing the size 
of the cooling system can achieve a better aerodynamic profile for the vehicle. Gentile 
and Zidat propose two methods of cooling:
a) To control the subcooled boiling and transfer the heat by forced convection in the 
radiator
b) Cool the engine by fully developed nucleate boiling and use condensation to treat 
the generated vapour
Gentile and Zidat regulate three main parameters to achieve controlled boiling:
a) Liquid mass flowrate
b) System pressure
c) Coolant inlet temperature
A 1.9 litre diesel engine uses an electric pump for independent flow control. The 
coolant is pure water. A pressure valve on the expansion tank regulates the system 
pressure. A Proportional, Integral and Differential (PID) controller is fitted to the 
external water-cooling circuit of the heat exchanger. Gentile and Zidat report the
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attainment of the CHF in the smaller of two flow passages operating under the same 
flow conditions. Hence, the size of coolant passage should be controlled.
2.3.6 Nucleate boiling systems
The use of the term “evaporative” system has become less distinct over time. As 
defined by Leshner [1983], the term applied to saturated boiling with significant vapour 
production. Hence, there is the requirement for separators. However, the term is also 
used to describe nucleate boiling in the subcooled context, Gentile and Zidat [1993]. 
Strictly speaking, “evaporation” applies to formation of vapour at a continuous liquid 
surface, Collier and Thome [1994].
For the purposes of these discussions, a nucleate boiling system is assumed to operate in 
the subcooled region rather than the saturated regime. In addition, it is assumed that in 
most cases a nucleate boiling system does not generate and maintain the same volumes 
of vapour that the saturated system produces. Hence, separators and condensers should 
not be required. The Gentile and Zidat system is classed as a saturated “evaporative” 
system because there is a separator in the circuit.
Various researchers have described the advantages of using nucleate boiling in the 
design of the coolant system whilst warning against film boiling. French [1969] of 
Ricardo undertook many experiments in nucleate boiling. Finlay et al [1987] state “the 
onset of nucleate boiling in local areas of a cylinder head may be beneficial as it enables 
large increases in heat flux to occur in response to relatively small increases in surface 
temperature”. Fisher [1989] in considering the heat transfer regimes of convection, 
nucleate and film boiling shows that the greatest heat transfer per unit of pump power 
may be obtained at the top end of the nucleate boiling regime. Norris et al [1993] of 
Cummins state, “nucleate boiling will not adversely affect temperature control in an 
engine and may in fact be desirable, but that film boiling must be carefully avoided”.
Some researchers have tended to suppress the nucleate boiling regime in order to avoid 
vapour blockages. Finlay et al [1988] find that, in the application of precision cooling, 
high local coolant velocities are used to ensure that no vapour blockages occur in the 
small-bore passages. Hence, nucleate boiling is suppressed. To cope with the highest 
heat fluxes, Clough [1993] designs to be within the zone between forced convection and 
nucleate boiling.
There is still a resistance to allowing nucleate boiling to occur. Kanefsky et al [1999] 
state: ‘The powertrain only requires that the coolant remains liquid at all times and that
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the average coolant temperature is consistent with optimum combustion.” 
Kanefsky et al [1999] also state: “In the past engine designers deliberately used nucleate 
boiling to minimise the power required by the water pump. Currently designers are 
choosing to avoid nucleate boiling altogether, and to stay well within the convective 
heat transfer mode to increase the safety margin from the onset of flow 
instability (OH).” The OH occurs with a decrease in flow through a heated passage. 
As boiling becomes more violent, the vapour bubbles begin to block the coolant 
passage. This blockage leads to further increases in pressure drop across the heated 
passage and flow reduces further. This situation is exacerbated if flow is able to find an 
alternative less resistant path, Stelling et al [1996] and Kanefsky et al [1999].
The use of saturated evaporative systems, section 2.3.5, indicates that boiling is not a 
heat transfer regime that needs to be avoided. However, operating conditions are 
required to avoid transition boiling. Nucleate boiling may be used to reduce the target 
velocities over that of conventional forced convection systems.
The premise of work by Porot et al [1997] of IFP and Valeo is to use evaporative 
cooling or boiling as a high, heat transfer regime for coping with the high engine loads. 
Consequently, the flowrates through the engine may be reduced. Coolant expansion 
and metal temperatures are viewed as important issues to be pursued. The engine used 
is a VW 1.9 TDI with an electric coolant pump. Coolant flows are reduced on this 
engine such that evaporative cooling is taking place without observable detriment to the 
engine, Porot et al [1997]. However, fatigue of the components is not assessed. With 
engine inlet temperatures between 86 °C and 96 °C and pressures at 1.2 and 1.8 bar 
absolute, the boiling appears to be inlet subcooled. In addition, there is no mention of a 
separator in the circuit.
Porot et al [1997] conduct a flow rate reduction and observe the effect on metal 
temperatures and the coolant outlet temperature, figure 2.8a. Some metal temperatures 
rise to high values, around 240 °C, at the lowest flow rate only. The outlet temperature 
rises from 95 °C to 112 °C. The progression in regimes as the flow rate reduces is 
1: “Pure Convection”, 2: “Convective/ nucleate”, 3: “Stable general evaporative 
cooling” and 4: “Unstable evaporative cooling”, Porot et a l Regime 4 has the 
oscillating expansion and may therefore be associated with the OH, figure 2.8b. This 
regime is to be avoided. Hence, the work of Porot et al indicates that there is still scope 
for reducing flow rates and including boiling Le. regimes 1 to 3, before the OH is 
reached. Porot et al note that at the higher pressure, the coolant expansion is much
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lower. The importance of pressure is denoted thus: At 1.8 bar “cooling passes almost 
directly from convective to unstable evaporative.” This also implies that the flowrate 
reduction in figure 2.8 is undertaken at the lower pressure 1.2 bar. Flow rate balance 
between cylinders, coolant inlet temperature and pressure are seen to be important 
parameters for controlling metal temperatures, Porot et al
Note: Following an engine load change and shut off, there is an increase in the coolant 
face temperature after shut off, Shalev et al [1983]. This phenomenon is known as 
“after-boil”. A simulated pressure and coolant loss causes water and steam flash, which 
then leads to a coolant capacity loss due to boiling. Shalev et al maintain that the flame 
side temperature did not increase even when the loss in pressure and coolant occurred. 
Hence, although the coolant-side surface temperature increases, boiling can be used to 
control flame face temperatures.
2.4 Engine component mechanical integrity and durability
The level and the distribution of temperature are critical for the mechanical integrity 
and/ or durability of the main combustion chamber components, cylinder head, block 
and piston. There are three stages, that overheating of the metal components can affect 
the performance of an engine (in order of perceived severity):
a) Component temperatures well above material limits leading to sudden loss of 
material strength and engine failure
b) Metal temperatures close to material limits leading to fatigue or distortion and 
increased wear, i.e. cylinder bore distortion
c) Top piston ring groove temperatures greater than 200 °C. Groove temperatures 
should be below this value for maintenance of ring pack lubrication, Stone [1992]. 
Performance loss manifests itself as oil breakdown and/ or piston seizure.
Materials for pistons are usually more exotic than that for cylinder heads and blocks. 
The thermal and mechanical loads are more complex in terms of the operational inertia 
loadings additional to the thermal and pressure loadings. The piston is cooled directly 
by oil. The engine cooling system, via the cylinder liners and block, cools the piston 
indirectly only. The subject of piston mechanical integrity requires a chapter or two 
alone. It is therefore considered to be outside the scope of this thesis. In the following 
discussions the cylinder head will be discussed predominately due to its more severe 
cooling requirements, but the block is also discussed to some extent.
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2.4.1 Cylinder block
The severity of heat transfer to the block is less than that for the cylinder head. The 
movement of the piston shields the lower part of the block. However, the cylinder head 
is always exposed. The lower part of the block spends the least time exposed to 
combustion gases and the top of the block the greatest. Heat transfer from the gas-side 
to the block increases nearer to the top of the block. The critical thermal locations in the 
block are between cylinders at the top of the block due to the highest heat transfer from 
the gas-side and to the possibility of poor cooling in this area.
2.4.2 Cylinder head
Three main loads, applied to an engine component, result in stresses: assembly, thermal 
and pressure. The greatest of these is the thermal load, Danielson et al [1992]. Cylinder 
heads are prone to thermal cracking. Cracks may occur across the valve bridges or 
between a valve and injector.
Smith et al [1970], of the British Cast Iron Research Association (BCIRA), indicate that 
cracking is normally progressive, starting as small fine cracks and developing in both 
depth and length. The mechanism of failure is due to thermal stress. The surface is 
permanently deformed by a restrained thermal expansion when hot. At elevated 
temperatures, the material yield stress is reduced and plastic strain occurs. This material 
then develops a residual tensile stress on cooling, which determines whether the head 
will crack. Short-term cracking can occur in the flame face of the flame deck, where 
sufficiently high temperatures are achieved but usually it is the long-term cracking or 
thermal fatigue rupture, which is more common.
Short-term cracking and rupture due to an excess load may also occur occasionally on 
the water-cooled face of the flame deck, where the coolant is contained between the 
flame and intermediate decks of the cylinder head. In the longer term, excessively thin 
flame decks, continually flexing under the firing load pressure, may eventually be 
ruptured due to fatigue. A restrained thermal expansion of the hot flame face leads to a 
compressive stress, which is then balanced by a corresponding tensile stress on the 
coolant-side. This tensile stress may be high enough to cause rupture at the coolant 
face. Smith et al note that the phenomenon “after-boil” can cause cracking to take 
place. This condition arises when the engine is stopped after an operating period of 
high power and then restarted whilst transition or film boiling is taking place.
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Shalev et al [1983] provide experimental data for the highest flame face temperature. 
The engine speed increases over the maximum power curve, figure 2.9. It is shown that 
the flame face temperature increases as engine speed increases. The highest 
temperature occurs at the engine maximum load and speed Shalev et al [1983]. 
Presumably, this operating point corresponds to the maximum fuelling point.
For the purposes of material design limits, Smith et al [1970], and Lane [1986] 
recommend maintaining cast iron cylinder head flame face temperatures below 370 °C, 
(ideally 350 °C). Waterside temperatures should not range above 120 to 150 °C. 
French, [1969, 1970] of Ricardo, recommends 380 °C as the maximum metal 
temperature. The maximum design limit for the temperature of an aluminium alloy 
cylinder head or block is recognised as 240 °C, Koyama et al [1989] of Toyota and 
Clough [1993].
2.4.3 Implications of metal temperature distributions
Leshner [1983] proposes that uniformity in the temperature distribution afforded by 
evaporative cooling leads to greater engine durability. Priede and Anderton [1984], 
ISVR, use a precision cooling strategy to generate a uniform temperature distribution 
and lower thermal stresses. Moore and McAvoy [1986], of Cummins have used 
experimental data and modelling techniques to compare a standard fully cooled cylinder 
head with a limited (precision) cooled head. Although predicted temperatures are 
higher for the precision cooled head, the more even distribution of temperature leads to 
reductions in values for the maximum compressive stress. The fatigue life is predicted 
to be 84% longer than the fully cooled baseline.
In a combined experimental and theoretical study applied to a low heat rejection engine, 
Danielson et al [1992] show that high temperature gradients and therefore uneven 
temperature distributions cause high stresses and reduced fatigue life. Clough [1993] 
states that the potential benefits of maintaining a lower distribution of metal 
temperatures are increases in engine power and fuel economy as well as reduced wear in 
engine components and reductions in thermal distortion.
For cylinder blocks, the application of various displacement boundary constraints are 
crucial to the development of thermal stress in the block and the development of bore 
distortions, Campbell and Charlton [1991 A]. It is the combination of the level of 
boundary constraint and thermal stress, rather than the level of thermal strain, which is
Nucleate Boiling in Engine Cooling and Temperature Control 2-22
Literature Survey -  Engine Cooling Hardware
decisive in component failure, since a block of metal totally unconstrained can have a 
high degree of uniform thermal strain and no thermal stress.
2.4.4 Coolant passage design
Traditionally, the cylinder head (and block) coolant passages are designed from the void 
left by features such as combustion chambers, inlet and exhaust ports, injectors and 
other items, Stone [1992]. These passages are therefore not usually optimised for 
hydraulic efficiency, Clough [1993]. Traditionally indirect injection compression 
ignition engines have had drilled passages through the valve bridges. This was seen to 
be necessary as casting cores that have high aspect ratios were susceptible to movement 
and damage during the casting process, Stone [1992]. Therefore, the lack of certainty as 
to the precise location and integrity of the as-cast valve bridge passage promoted the use 
of drilled passages.
2.4.5 Thermal barriers and scale
Thermal barriers sometimes develop during the manufacturing process and scale may 
build up during the operation of the cooling system in the engine. Both of these 
phenomena contribute to reducing heat transfer through the metal and raising metal 
temperatures.
French [1969, 1970] reports finding evidence of a thermal barrier within the surface of 
cast iron cylinder heads. Experimental rig tests show that “the thermal barrier is a 
surface effect caused by a reduction in heat transfer effectiveness.” Machining away 
layer upon layer of the cast surface removes the thermal barrier. Removing 1.27 mm 
(0.05 in) from the cast surface, results in a reduction of 15 to 35 °C in the surface 
temperature, depending on the heat flux. French reports that specimens from different 
foundries produce different levels of thermal barrier. The reduction in heat transfer 
effectiveness can be removed by shot blasting and brazing; however, the thermal barrier 
returns after a short period of testing. Inoculation of the cast iron and installation of 
cross-drillings to avoid thermal barriers is recommended, French. French also found 
that using a cast steel in a distilled water environment caused rust to build up which 
then increased the surface temperatures.
In cooling water systems, scale may build up to a width of 0.1 mm, Butterworth and 
Hewitt [1977]. The thermal conductivity of scale ranges from 1 to 10 W/m K, 
Butterworth and Hewitt, with a typical value of 2 W/m K Pulling and Collier [1963],
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and Sheikholeslami and Watkinson [1986]. In a material and chemical analysis of the 
Ford 1.8 litre cast iron cylinder head, Lane [1986] shows that scale deposits of 0.28 mm 
thickness comprise two layers. The inner layer (30%) contains aluminium salts and the 
remaining outer layer (70%) contains calcium salts.
2.5 Summary
Each of the three major chapter topics is discussed and summarised here.
2.5.1 Engine cooling systems and components
Components including pumps, thermostats etc
Engine cooling components may be improved by increasing their efficiency. The 
hydraulic design and efficiency of the conventional coolant pump leaves room for 
improvement. High flow velocities incur high-pressure losses. The thermostat, 
particularly, represents a significant pressure loss for the overall system. However, the 
current thermostat is included in the cooling circuit to stall the coolant flow for 
improved engine warm-up.
Engine component cooling including cylinder head and block
Engine cooling may be improved by addressing the hydraulic design of the engine 
component passages and not choosing high flow velocities. Parallel engine cooling 
systems are usually in use, where each cylinder in the block uses a proportion of the 
coolant before supplying each cylinder in the head. The more unusual series engine 
cooling system allows the coolant to flow around each cylinder in the block in turn. 
The coolant then passes in to the cylinder head at one end. The use of either 
arrangement has effects on the component temperature distribution and overall system 
pressure drops.
2.5.2 Engine thermal management and advanced engine cooling concepts
A number of advanced cooling strategies are introduced to address the shortcomings of 
current cooling technology. These include engine wide strategies; coolant temperature 
control, Controlled Component Temperature Cooling (CCTC), dual circuit and reversed 
flow cooling. A cooling strategy specific to the engine component is that of precision 
cooling. Strategies that make use of the phenomena inherent in the coolant include 
evaporative and nucleate flow boiling.
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As part of these strategies, the coolant parameters can be used to change the thermal 
performance in terms of temperature and heat transfer. These parameters include the 
primary parameters of coolant velocity, inlet temperature and pressure: all of which can 
affect the thermal performance significantly under specified conditions. Other 
parameters, that also affect heat transfer performance, may be considered as secondary, 
Le. passage geometry, wall material, wall roughness and coolant composition, since 
changes to these parameters within the engine are more difficult to effect.
CCTC is recommended over that of the traditional coolant controlled temperature and 
appears to be a more logical strategy. This strategy allows for coolant stall at engine 
start-up and faster engine warm up is observed. Hence, a metal temperature rather than 
a coolant temperature control strategy is advocated. A dual circuit strategy shows 
considerable engine performance advantages in that a cooler cylinder head and hotter 
block are maintained simultaneously for reduced friction and fuel consumption.
The precision cooling strategy is used to increase coolant velocities in the high heat flux 
areas of an engine component i.e. the valve bridge areas. Additionally, precision 
cooling reduces the coolant velocities in the low heat flux areas, i.e. the cylinder head or 
cylinder block peripheries, and reduces coolant volumes. Although local coolant 
velocities are traditionally high, precision cooling allows large reductions in cooling 
system flow rates and a greater uniformity of temperature distribution is observed. 
Reduced coolant flow rates allow use of pumps with lower power requirements. The 
preponderance of low diameter, flow passages in the crucial, high heat flux areas, such 
as the valve bridge, has led to strategies of vapour generation avoidance by using high 
coolant velocities. Angled jets applied at an angle or normal to the coolant surface are 
shown to improve the thermal performance over that of parallel flows.
The first proponent of precision cooling, in its earliest and narrowest terms, was 
Ernest [1977]. Limited use of simple cast passages and air filled cavities rather than the 
normal multifarious cast coolant cavities and passages provide cooling for critical 
regions only. Pried and Anderton [1984], also with drilled passages and air filled 
cavities developed this definition further to add the criteria of uniform temperature 
distribution in the cylinder head. This results in savings in pump power and increases in 
energy available for turbocharging.
Any strategy, that reduces pump powers or produces the required coolant velocities in 
certain locations, by designing the multifarious cavities and passages in the cylinder 
head and block hydraulically, may be considered to have extended the definition of
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precision cooling. There is an implication in the original definition that changes in 
coolant velocity and passage geometry are fundamental to precision cooling. However, 
there seems to be no reason why changes in inlet temperature or coolant pressure cannot 
be part of an extended definition of precision cooling provided that, one of the 
preceding criteria is satisfied.
The use of evaporative systems has been used in prototype engines to show that uniform 
temperature distribution and faster warm-up are possible with cooling systems that 
allow for boiling. Because both evaporative and nucleate boiling systems use boiling as 
the fundamental ingredient, a distinction between these two systems is required. For the 
purposes of these discussions, a nucleate boiling engine operates with subcooled 
temperatures rather than the saturated temperatures of the evaporative boiling engine. 
Since an evaporative system keeps the whole engine above the boiling point, the 
volumes of vapour generated may be significant and therefore alternative cooling 
system components such as separators and condensers are required. A nucleate boiling 
system may lead to local areas of boiling without the large volumes of vapour 
productions and the need for alternative cooling system components.
There are advocates of nucleate boiling, but the fear of transition and film boiling has 
lead many auto manufacturers to avoid nucleate boiling altogether. Hence, cooling 
systems seem to be designed with a large range in the target velocities depending on the 
location in the engine component. Prototype engine research has shown that the use of 
boiling is possible and has enabled reductions in cooling pump power. These 
reductions may possibly be greater than that, achieved with the conventional precision 
cooling system.
2.5.3 Engine component mechanical integrity and durability
Should metal temperatures exceed certain levels, strength is lost and component failure 
occurs. Uniform temperature distributions within both the cylinder head and block 
reduce thermal bore distortion and engine component wear. Metal composition is 
important in defining maximum allowable metal temperatures and temperatures in 
engine components should not be allowed to exceed the maximum design limits. 
Thermal barriers in the metal and scale at the metal to coolant interface are seen to 
increase metal and gas-side surface temperatures and should be avoided in the critical 
high temperature areas. The short term, mechanical integrity is seen to be dependent on 
both the maximum metal temperature and uniform temperatures. The long term,
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component fatigue life or durability can be improved with uniform temperature 
distributions.
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Figure 2.1 Coolant flow path alternatives through cylinder head and block,




Figure 2.2 Coolant temperature as a function of the speed of the coolant pump 
and fan, Kern and Ambros [1997].
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a) Coolant temperature as a function of fan and coolant pump power demand, 
Kern and Ambros [1997].
Power demand of
coolant fan pump fan & Saving
temp.[°C] [W] [W] pump fW] [%]
Series S 89.3 6250 1150 7400 0
Point T 89.3 5980 1300 7280 2
Point Q 100 2840 760 3600 51
b) Savings made in the sum of fan and pump power by changing the operating 
point and allowing coolant temperature to rise, Kern and Ambros [1997].
Figure 2.3 Simulated savings to the power demand of the coolant pump and fan 







Figure 2.4 Specific fuel consumption versus coolant temperature for different 
load conditions, Melzer et al [1999].
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M M  Waier
Inlet or exhaust port
a) Precision cooling passages. Drilled small-bore passages for coolant and 
remaining space filled with air, Priede and Anderton [1984].
Combustion
pre-chamber Main combustion 
chamber
b) Conventional cylinder head with ad-hoc as-cast passage filled by coolant 
(denoted by CFD mesh), Lawrence and Evans [1990].
Figure 2.5 a) Precision cooling passages compared against b) ad-hoc as cast 
passage for a cylinder head.
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1   1 6  gal/min directed flow.
2 —  • —  • 0-5 gal/mm directed flow. 3-------------- 1 6  gal/min parallel flow. 4-------------- 0-5 gal/min parallel flow.
Figure 2.7 Difference in coolant surface temperature due to angled jets, 
Smith et al [1970].
N ucleate  Boiling in E ngine Cooling an d  T em p era tu re  Control 2-31
Literature Survey -  E ngine Cooling H ardw are





































- - - ♦ —
4
outlet temperature
0 2,000 4,000 6,000
1,000 3,000 5,000 7,000
coolant flow l/h
4000  RPM full load
a) Cylinder head inter-valve temperatures and coolant outlet temperature
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b) Coolant expansion variation during coolant flowrate decrease
Figure 2.8 Cylinder head inter-valve temperatures, coolant outlet temperature 
and coolant expansion variation during coolant flowrate decrease, 
Porot et al [1997]. Coolant regimes passed through, Porot et al:
1] “Pure Convection”
2] “Convective/ nucleate”
3] “Stable general evaporative cooling”
4] “Unstable evaporative cooling”. Oscillating expansion
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Figure 2.9 Temperature versus engine speed at maximum power for 
thermocouples at, Shalev et al [1983]:
1) cylinder head valve bridge wall
2) cooled surface of wall
3) coolant passage
4) cylinder head wall
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3 R ev iew  of predictive analysis applied  to IC eng ine  coolant
HEAT TRANSFER AND GENERAL COOLANT-SIDE CONSIDERATION
3.1 In t r o d u c t io n
This chapter aims to review coolant heat transfer with respect to:
• Previous experimental studies
• Coolant heat transfer and empirical modelling including:
Forced convection 
Nucleate flow boiling
Transition boiling and the critical heat flux CHF
• Further general coolant-side thermal considerations
Having reviewed aspects of temperature and heat transfer on the engine cooling system 
and components, the heat transfer mechanisms of the coolant itself need to be examined.
Potential models, in terms of the heat transfer regimes, forced convection, forced 
convection plus nucleate boiling (flow boiling) and transition boiling are reviewed and 
described. Equations for forced convection and flow boiling are formed and discussed 
in terms of non-dimensional numbers.
Assessment and validation of these models under different engine operating conditions 
is required and has been undertaken by researchers. Some of these researchers have 
used the engine to understand and assess the effects of the coolant parameters. Most of 
these researchers resort to using experimental thermal flow bench rigs as the format for 
model validation. Experimental thermal flow bench rigs are reviewed briefly here but 
with more detail in chapter 5.
Under further coolant-side thermal considerations, the range of coolant velocities and 
pressures are examined as well as the makeup of the coolant in terms of the water and 
antifreeze is also examined.
3.2 P r e v io u s  e x pe r im e n t a l  stu d ies
Previous experimental investigators have used thermal flow bench rigs in the context of 
engine cooling, table 3.1. All of these investigators study the forced convection and
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nucleate boiling regimes. However, only Finlay et al provide some substantive data for 
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Additional notes:
Villanova**=Gollin et al [1995], McAssey et al [1995], Bhowmick et al [1996, 1997], 
Ambrogi et al [1997] and Branchi et al [1997].
Aspect ratio = Width/Height, L/D = Duct heated length to hydraulic diameter ratio,
E.G.: Ethylene Glycol, PG: Propylene Glycol
Table 3.1 Comparisons of investigators test rigs
These rigs have been used to simulate operating engines, but the conditions under which 
data is collected may be considered closer to academic conditions than a typical engine. 
Some materials (cast iron and aluminium) and coolants (antifreeze) are those used in 
conventional engines, whilst others are not (copper and distilled water). Other major 
differences include rectangular versus circular duct geometries and the inclusion of 
actual cylinder head sections, Cipolla [1989]. Which of these geometries represents the 
cooling passage of an engine? Some of the small circular duct sections are aimed 
specifically at simulating valve bridges, Cipolla [1989]. Other studies are aimed at 
valve bridges and small precision cooled passages, Finlay et al [1985] and Perry and 
Anderton [1985], respectively.
These rigs are reviewed in detail in the chapter on test rig development, chapter 5.
3.3 Coolant heat transfer modelling
Experimental work forms the basis of empirical modelling subject to following laws of 
science. There are many published works relating to heat transfer research, especially
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in the nuclear field, Collier and Thome [1994]. However, research specific to IC engine 
coolant-side heat transfer is sparse and focused around the work of a few. Table 3.2 
(located at the end of the text section due to its size) attempts to summarise some of the 
empirical models and approaches used by researchers in the IC engine field. The layout 
identifies the developers of heat transfer correlations and the subsequent users of these 
correlations.
Prior to examining heat transfer in terms of forced convection and nucleate boiling, 
relevant non-dimensional numbers are presented and described.
3.3.1 Definitions of numbers, non-dimensional and other
In the course of the following discussions on modelling, the following non-dimensional 
numbers are used and are therefore defined in alphabetic order. Non-dimensional 
numbers used for boiling follow the non-dimensional numbers for forced convection.
3.3.1.1 Non-dimensional numbers in forced convection 
Nusselt number (Nu)
Nu = hL/k......................................................................................................................3.1a
The Nusselt number is the dimensionless temperature gradient at the surface and is a 
measure of the convective heat transfer at the surface, Incropera and DeWitt [1990]. 
h is the heat transfer coefficient. L is either the characteristic length or the hydraulic 
diameter (£>) respectively depending on the context, which is discussed in subsequent 
sections, k is the fluid thermal conductivity.
Prandtl number (Pr)
Pr = j i  Cp / k .....................................................................................................................3.1b
The Prandtl number is the ratio of the momentum and thermal diffusivities, Incropera 
and DeWitt [1990]. fl is the fluid viscosity, and cp is the fluid specific heat capacity.
Reynolds number (Re)
Re = pVL/fi...................................................................................................................3.1c
The Reynolds number represents the ratio of inertia and viscous forces, Incropera and 
DeWitt [1990]. p  is the density. V is the fluid free-stream velocity for external flow 
and the mean velocity in tubes.
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Hydraulic diameter (D)
The hydraulic diameter or effective diameter may be used as the characteristic length 
for ducts and can be defined as, Incropera and DeWitt [1990]:
D = 4 xA rea _ ........................................................................................................... 3 w
Perimeter
Where the area is the cross-sectional area and the perimeter is the wetted perimeter.
3.3.1.2 Non-dimensional numbers in boiling
For boiling heat transfer, the convection coefficient, h, depends on: The difference 
between the surface and saturation temperature, T^-T^, (or surface superheat, ATja/); the 
body force arising from the liquid vapour density difference, g(p/ - pv); the latent heat of 
vaporisation, /i/v; the surface tension, o; a characteristic length, L; and the 
thermophysical properties of the liquid or vapour: p, cp, k, p, Incropera and 
DeWitt [1990]. g is the gravitational acceleration. The appropriate dimensionless 
numbers may be obtained by using the Buckingham pi method, Incropera and DeWitt.
There are 10 variables in 5 dimensions resulting in 10-5 = 5 pi groups, which can be 
expressed in the following forms, Incropera and DeWitt [1990]:
P g i P l - p X '  CPAT™ PCp g ( P l ~ P y ) L 2 3.1e
The first and fourth groups are the Nusselt and Prandtl numbers also seen in single­
phase flows. The second group represents the effect of buoyancy induced fluid motion 
on heat transfer, Incropera and DeWitt [1990]. Since the context of this thesis is boiling 
with flow rather than pool boiling, the buoyancy induced fluid motion is dominated by 
forced fluid motion. Hence, this second group is not considered further. The other 
groups are described here alphabetically and in subsequent sections.
Boiling number (Boi)
The non-dimensional Boiling number (Boi) may be defined as follows, Chen [1966], 
and Collier and Thome [1994]:
Boi =-2i— ....................................................................................................................3. If
KG
The Boiling number, denoted in some texts as Bo, but denoted here as Boi, should not 
be confused with the Bond number (Bo). Generally, the Boiling number indicates the
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ratio of the boiling flux q"b to the fluid mass flow G, or the total flux to fluid mass flow, 
Wambsganss et al [1993].
Bond number (Bo)
Bo = g (p /~P .)z- ...................................................................................................... 3 lg
a
The Bond number is the ratio of the gravitational to the surface tension force and is the 
fifth or last group in equation 3.1e, Incropera and DeWitt [1990].
Jakob number (Ja)
Ja =
'c ,A T ^
K
3.1h
Incropera and DeWitt [1990] describe the Jakob number as “the ratio of the maximum 
sensible energy absorbed by the vapour to latent energy absorbed by the vapour during 
liquid-vapour phase change”. This number is the third group in equation 3.1e. The 
Jakob number is sometimes factored by the density ratio of liquid to vapour (p/pv), 
Collier and Thome [1994] but is not used here.
3.3.2 Forced convection
The convective heat flux density (<q”) is usually given by Newton’s law of cooling, 
Incropera and DeWitt [1990]:
q ' = h(Tw-T _ ) ................................................................................................................3.2
The heat transfer coefficient, h, is often defined using a dimensionless Nusselt number 
correlation in terms of Reynolds and Prandtl numbers. Tw is the wall temperature and 
Too is the free stream temperature.
When considering forced convection in engine cylinder heads and blocks, the traditional 
approach has been to assume internal flow and use algorithms developed for tubes and 
ducts, table 3.3.
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Finlay etal [1985&1987] 
Cipolla [1989]
Norris e tal [1989]
Boyle etal [1991]
Stone [1992]
Owen et al [1993]
Gollin et al [1995]
McAssey et al [1995] 
Bhowmick et al [1996&1997] 
Ambrogi et al [1997]
Table 3.3 Users of tube correlations in the engine context (Subset of table 3.2)
3.3.2.1 Tubes and ducts
For laminar flow in a circular tube, Reynolds numbers are usually taken to be less than 
the critical Reynolds number 2100, Kreith and Bohn [1986] or 2300, Incropera and 
DeWitt [1990]. The transition region is generally considered to be for Reynolds 
numbers between 2100 or 2300 and 10000. Turbulent flow may occur at Reynolds 
numbers above 2100 or 2300, Incropera and DeWitt [1990].
The fluid properties, (density, thermal conductivity, viscosity and specific heat 
capacity), used in subsequent dimensionless numbers, should be measured at a mean 
temperature Tm. The mean is an average of the tube inlet Tmi and the outlet temperature 
Tout, Incropera and DeWitt [1990]:
T _i_ T
rp _  ini out ^  ^
2
Laminar flow
For this study, laminar flow occurs at Reynolds numbers less than 2100. For laminar 
flow in a circular tube, the length of the developing hydrodynamic boundary layer x/d,h 
is related to the Reynolds number, Incropera and DeWitt [1990]:
=0.05 R e .............................................................................................................3.4a
D
The length of the developing thermal boundary layer Xfd,t is given by, Incropera and 
DeWitt [1990]:
—^ -  = 0 .05R ePr.........................................................................................................3.4b
D
For development of the thermal boundary layer to be coincident with that of the 
hydrodynamic boundary layer, the Prandtl number is unity. For water and antifreeze the 
Prandtl number is usually greater than 1 and therefore the hydrodynamic boundary layer 
develops earlier than the thermal boundary layer.
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The equation for the fully developed Nusselt number given for uniform surface heat 
flux by both Incropera and DeWitt and Kreith and Bohn is:
Nu = 4 .36 ....................................................................................................................3.5a
Boyle et al [1991] use a laminar Nusselt number, devised by Sieder & Tate, which is 







This equation for the Nusselt number accounts for the development of boundary layers. 
The starting point for both hydrodynamic and thermal boundary layers is the same. The 
free stream to wall viscosity ratio (|ioo/pw)r accounts for changes to the wall viscosity as 
the wall temperature changes.
Turbulent flow
For turbulent flow in a circular tube, the length of the developing hydrodynamic 
boundary layer xjd,h is given in the following relation as a first approximation, Incropera 
and DeWitt [1990]:
1 0 < i £ i < 6 0 .............................................................................................................3.6a
D
The development of the thermal boundary layer in turbulent flow is assumed to be 
nearly independent of Prandtl number, Incropera and DeWitt [1990]. The following 




Only the smallest duct diameter of Perry and Anderton [1985] can be considered to have 
developed both boundary layers well within the duct length, table 3.1. (Duct 
diameter = 2.5 mm and L/D = 20). For all the other ducts, the boundary layers are still 
developing up to the end of the duct i.e. L/D <10.
Incropera and DeWitt give the following definition, ascribed to Dittus Boelter 
Winterton [1998], for the fully developed Nusselt number in turbulent flow 
i.e. Reynolds numbers > 10,000.
Nu = 0.023 Re0 8 Pr04.................................................................................................. 3.7a
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Rreith and Bohn give the same Dittus Boelter equation but to be applied over the range
of Reynolds numbers 6000 to lxlO7. For this study, this algorithm will be applied at all 
Reynolds numbers above 2100 and the critical Reynolds number is therefore taken to 
be 2100. The normal Dittus Boelter exponent of the Prandtl number is 1/3 where the 
wall cools the fluid but 0.4 is used where the wall heats the fluid Le. (Twaii > Tfluu).
Cipolla, of Fiat [1989], uses the Dittus-Boelter algorithm for forced convection but 
modified for the thermal entry as follows:
The thermal entry allows for development of both the hydrodynamic and thermal 
boundary layers rather than assuming developed flows, hydrodynamic and thermal The
the thermal entry using this equation indicates that the Nusselt number is higher than 
that for the developed boundary layers.
3.3.2.2 Flat plates
The above equations for tubes and ducts assume heat transfer to the fluid from the 
whole of the surrounding tube Le. axi-symmetric or 3-D heat flow. However, in the 
flame deck within a cylinder head, heat flows from the gas to the coolant in a manner 
more akin to 1-D. Flat plates may thus be more appropriate and when considering 1-D 
heat flows through surface finite element faces. Thermal flow over a flat plate is also 
regarded as external flow.
For flat plates, the fluid properties should be measured at a mean boundary layer or film 
temperature, Incropera and DeWitt [1990]. The film temperature is the average of the 
surface and the free stream temperature. Alternatively, the function for the Nusselt 
number or the heat transfer coefficient can be multiplied by either (Proo/Prw)r or (p«/pw)r, 
which are functions of the free stream and surface or wall values, Incropera and 
DeWitt [1990].
Defining a local value for the laminar Nusselt number, which is dependent on the 
distance from the leading edge of the plate, allows for the development of boundary 
layers. The local value of the Nusselt number may be given by the following, Incropera 
and DeWitt [1990]:
thermalentry ^ Dittus—Boelter 3.7b
exponent for the Prandtl number used by Cipolla is 0.33 rather than 0.4. Allowing for
N u ^  = 0.332 Re* Pr* 3.8a
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The laminar Nusselt number for the whole plate is calculated by integrating the local 
value from plate leading edge to trailing edge, Incropera and DeWitt [1990]. Hence, an 
average value of 2xNuiocai may be used to represent the whole plate, where the plate 
length is used in the definition of the local Nusselt number.
The point at which the flow trips from laminar to turbulent is defined by a critical
Reynolds number of 5x10s, Incropera and DeWitt [1990]. This number can be used to 
define the length of plate from the leading edge to the point at which transition or 
turbulent flow starts.
The following equation, for the plate average Nusselt number Nul, is used for mixed 
flows, which include both a laminar length followed by a turbulent length.
Nut = (o.037 Re0 8 -  87 l)pr^3................   3.8b
3.3.3 Forced convection and nucleate boiling or flow boiling
The modelling of heat transfer, under conditions of flow boiling, has been approached
as the addition or superposition of pool boiling on forced convection, Rohsenow and 
Choi [1961] and again by Chen [1966]. Pool boiling represents nucleate boiling under 
conditions of zero flow.
The superposition of pool boiling on forced convection Le. flow boiling is represented 
thus, Rohsenow & Choi [1961] and Chen [1966]:
<L + ? w ..................................................................................................................................3 9
There are two recognised modes of flow boiling, namely saturated and subcooled. Pool 
boiling is usually associated with saturated boiling. Many correlations have been 
developed for saturated boiling, some of which have been adapted to subcooled boiling. 
Saturated boiling is simpler to consider than subcooled boiling and is therefore dealt 
with first. Saturated boiling exists where the bulk fluid temperature is at or just greater 
than the saturation temperature. Because the bulk fluid is at the saturation temperature, 
there are likely to be significant amounts of vapour. Saturated boiling situation exists 
for evaporative based engine cooling systems.
The mechanism of heat transfer under pool boiling may be considered as the addition of 
two phenomena:
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a) The growth and movement of the developing bubbles away from the heated 
surface gives rise to incoming flows of cooler fluid and helps to disturb the 
thermal boundary layer
b) The process of evaporation at the heated surface leads to a transfer of energy away 
from the surface into the fluid in the form of latent heat
3.3.3.1 Saturated boiling, bubble size and growth
If the bulk temperature of the fluid is just greater than the saturation temperature, a 
bubble can exist, suspended, in the fluid. It is simpler to consider this situation before 
that of bubbles suspended and growing in a liquid.
Vapour bubble suspended in a liquid
For a spherical bubble, radius r, at equilibrium in a liquid, the force due to the 
difference between the internal vapour pressure p v and the external liquid pressure pi 
balances with the surface tension force, Rohsenow and Choi [1961] and Collier and 
Thome [1994]:
nr2(pv ~Pi) = 2/rrcF
or  3.10a
2(7 2(7
4P = P v - P i = ---- =>r =
r Pv ~Pi
This is the steady state solution to the Rayleigh equation and the resultant bubble radius 
is known as the critical radius, Forster and Zuber [1955]. The bubble vapour either 
must be at saturation point or superheated; otherwise, it would not exist. Hence, the 
properties of the vapour should be represented at the saturation temperature or above. 
At equilibrium, the pressure of the vapour exceeds the liquid pressure, pi< pv, 
equation 3.10a and the temperature of the liquid around the bubble 7/ is equal to the 
vapour temperature, Tv. If, at equilibrium, the temperature of the vapour, Tv, is at 
saturation, Tv _ Tsat, the liquid temperature is superheated with respect to the liquid 
pressure, Rohsenow and Choi [1961].
Collier and Thome show that the vapour pressure (pv) inside the nucleus is fractionally 
lowered by the curvature of the interface compared with a planar interface (/?«):
Pv ~ Po 3.10b
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v/ is the liquid specific volume and vv is the vapour specific volume. Substitution of 
equation 3.10a into 3.10b yields:
2(7
Pi = —  r
r \ 
1+-^- .3.10c
The perfect gas law states:
P v „ = -  = RvT = -^-T  
O.. M
3.11
Rv is the gas constant for the vapour. M is the molecular weight and R is the universal 
gas constant.
To calculate the vapour superheat (Tv - Tsat) corresponding to the pressure difference, 
the Clausius-Clapeyron equation and perfect gas law relate the temperature and pressure 
along the saturation line, Collier and Thome.
Jh„dp _
J T ~ t ( vv - V i )
3.12
J is the mechanical equivalent of heat. In SI units, the two quantities are identical and J 
is unity. If the specific volume of the liquid relative to the vapour is small (vv »  v/), 
then:
- d p = ^ - d T  
p RT1
3.13
Integration of this equation from pi to p v and Tsat to Tv leads to: 
In
p,
= M l  /r  _J  y
j i  V v sot / 3.14
Substituting equation 3.10c and rearranging:





If vv > v/ and {2dpir) «  1, this equation can be simplified to, Collier and Thome: 
T - T  = 2R^ a
K p s
3.16
If the liquid superheat around the bubble, 7/ - Tsat, is greater than the vapour superheat, 
Tv - Tsatt calculated from equation 3.16, a bubble of radius r  will grow. The process of
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vapour formation in a liquid is sometimes known as homogeneous nucleation, Collier
and Thome.
Both Rohsenow and Choi and Collier and Thome show that, given the presence of a 
non-condensable gas, equations 3.10a and 3.16 can be modified to show that less liquid 
superheat is required for a given bubble size.
Vapour bubble suspended and growing in a liquid
The differential equation for the size, r, and growth, r9, of a bubble in a liquid has been 
solved by Plesset and Zwick (1952 and 1954), Dergarabedian (1953) and Fritz (1935), 
and is given in Forster and Zuber [1955] as:
Equations 3.17 and 3.18 are shown for two reasons:
• Equations 3.17 and 3.18 are used in the model of Chen [1966]. The Chen model 
is described in a subsequent section.
• Equations 3.17 and 3.18 can be compared and contrasted with the work of 
Rohsenow, which is described subsequently.
For heat transfer from a heated surface to take place, conditions for a vapour bubble at 
the heated surface need to be considered.
Bubbles growing at a heated surface
For boiling at a surface, bubble growth and detachment is understood to initiate at a 
cavity. This cavity-based nucleation is sometimes known as “heterogeneous” 
nucleation, Collier and Thome [1994]. On the basis of a buoyancy and surface tension 
force balance, Fritz (1935) found empirically, that the bubble diameter, D*>, at 
detachment from the heated surface could be expressed as follows, Rohsenow [1952] 
and Rohsenow and Choi [1961]:
3.17
The product of the bubble radius and the bubble wall growth or radial velocity is given 
in Forster and Zuber and Rohsenow and Choi:
3.18
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g(P ,~Pv)
a 3.19
Q  is a coefficient given as 0.0208 in Collier and Thome [1994] and f$ is the contact 
angle between the bubble and the heater surface. Collier and Thome give a value for f$ 
as 86 degrees for water to copper surface as measured by Shakir and Thome (1986) at 
20 °C. Equation 3.19 has a very close similarity to the bubble equilibrium equation, 
equation 3.10a, and is again surface tension and density or pressure dependent. 
However, the shape of the bubble is distorted by contact with the heated surface and is 
therefore complicated by the CdP product. If the bubble diameter, Db, is substituted into 
the definition of the Bond number, equation 3.1g, the Bond number Bo -  2CdP- Hence, 
the ratio of gravitational to surface tension force is constant and dependent on the 
surface contact angle and the fluid surface combination. However, since experimental 
data and values for this parameter are limited, an exact value for the Bond number is 
difficult to define.
For the case of saturated pool boiling, Rohsenow suggests that the heat transfer to 
bubbles, whilst still attached to the surface may be approximated to:
The parameter n represents the number of bubble sites per unit area and /  is the 
frequency of formation per unit time. Jakob (1941), referenced in Rohsenow, found 
that the number of bubble sites is very nearly directly proportional to heat transfer at a 
given operating pressure:
The coefficient Cq may be a function of pressure and Rohsenow approximates q ' ~ q \ .  
Equations, 3.20 and 3.21, show that the flux is a function of pressure and the number of 
bubble sites. Physically, the flux is dependent on the latent heat and the vapour 
formation. This equation therefore represents the second mechanism, b), of the boiling 
heat transfer process described previously.
The size and distribution of boiling cavities is crucial and not all cavities can retain the 
vapour for sustained boiling, Collier and Thome [1994]. Some cavities may become 
“boiled out”. Roughened surfaces are shown to have increased the nucleate boiling 
potential over a smooth surface. However, in some cases this advantage is lost the
<jl=hlvPvn j D l f 3.20
q ' = CqhlvPvn ^ D l f 3.21
Nucleate Boiling in Engine Coding and Temperature Contrd 3-13
Review of Predictive Analysis
longer the surface is used. In tests on a cast surface, Cipolla [1989] finds that the as- 
cast passage maintains a lower coolant surface temperature than a smooth cross drilling. 
Cipolla suggests that this is due to a smooth surface being less conducive to nucleate 
boiling than the rough as-cast surface. Tests with porous surface coatings and Teflon 
spotting have shown increased propensity to nucleate boiling, Collier and 
Thome [1994].
The average mass velocity of vapour bubbles leaving the surface, Gb, may be expressed 
as, Rohsenow:
Zuber (1959 and 1963), referenced in Rohsenow and Choi and Collier and Thome, 
proposed a relation for frequency times bubble diameter:
The bubble centre is suggested to travel Db in 1/f. Hence the bubble velocity at the 
surface is, Rohsenow and Choi:
The properties in the bubble motion velocity, equation 3.23, surface tension, density and 
gravitational acceleration, are identical to those proposed by Fritz for the bubble 
diameter, equation 3.19.
Physically, Rohsenow and Zuber are attempting to represent the movement of bubbles
3.24. Mechanism a) of the pool boiling heat transfer process, described previously, is 
therefore represented.
Substitution of equation 3.21 into equation 3.22 gives the mass velocity in terms of flux 




away from the heated surface in global terms with the application of equations 3.22 to
3.25
Hence, the average velocity of vapour or bubbles leaving the surface, Vi,, is:
3.26
c t p ,K
Nucleate Boiling in Engine Cooling and Temperature Control 3-14
Review of Precfictive Analysis
The vapour density (pv) is used here and not the liquid density (pi) as in Collier and
Thome. This distinction is immaterial to the mass velocity equation 3.25. If vapour 
bubbles leave the surface, they should be replaced by an in-rush of cooler liquid. 
Hence, the vapour density in the average mass velocity of vapour leaving the surface, 
equation 3.22, may be replaced with the liquid density to give an expression for average 
mass velocity of liquid in-rush.
The velocity of bubble motion, at and away from the heated surface, is represented by 
the flow of heat in the flux density and the latent heat terms. The pressure is also 
represented in the coefficient Cq and the vapour density. This expression for the bubble 
motion velocity can be contrasted with the bubble growth term, equation 3.18, which is 
representative of the growth of the bubble wall
Rohsenow correlation [1952]
Rohsenow used the above bubble diameter, equation 3.19, and velocity, equation 3.26, 
to develop a bubble Reynolds number (Re*) and a bubble Nusselt (Nu*) number:
A new coefficient is defined, Cr = C</Cq. Use of the non-dimensional bubble Reynolds 
number, although devised pre 1952, can be seen in Bjorge et al [1981].
The bubble Nusselt (Nu*) number is given by, Rohsenow [1952]:
The bubble Reynolds number and Nusselt number are included in the traditional heat 
transfer function together with the liquid Prandtl number, Nu = fn(Re, Pr). Rohsenow 
manipulates these numbers to get the non-dimensional wall superheat in terms of the 
non-dimensional flux as the independent quantity:
3.27
3.28
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M v  u (p , ~ p J
n 0.33 /  x 1.7
*/
3.29
Ja = C. qb
n O.33
H,K  Vs(P/ ~Pv)
Pr 1.7
The coefficient includes the coefficient and contact angle product Q/J is therefore a 
measure of the heater surface to fluid interface. Hence, this coefficient has a different 
value for each interface: It should therefore he measured experimentally. Csf includes 
the bubble diameter coefficients Cd and and the Jakob pressure coefficient Q . The 
exponents 0.33 and 1.7 were also found experimentally. However, these exponents are 
used for many different heater surfaces and fluids. All properties used by Rohsenow are 
evaluated at the saturation temperature.
Manipulation of the terms and their exponents can be undertaken to obtain the non- 







The coefficient, a, is related to Rohsenow ’s fluid to surface coefficient CSf, a = (11 Csf) • 
Hence, equation 3.30 can also be written in terms of Rohsenow ‘s coefficient and 
exponents with and c=3.
Rohsenow’s correlation is:
* _ ViK  




Rohsenow emphasises that the values of the surface-fluid coefficient CSf  and the 
exponents of the non-dimensional numbers are not necessarily the true ones, but that the 
dimensionless groups are to be used. The difficulty in attaining accurate surface 
temperatures and therefore wall superheats is noted. This may account for the 
differences encountered in the calculation of CSf, Rohsenow. The Prandtl number 
exponent, 1.7, became erratic with dirty surfaces and varied from 0.8 to 2.0, Rohsenow.
Rohsenow adopts strategies to account for three of the coolant parameters: a) velocity, 
b) inlet temperature and c) pressure. (Duct size is not included).
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a) For changes to the flow velocity, data is presented in terms of the flow and pool
boiling superposition in figure 9.13 of Rohsenow and Choi [1961]. This data
suggests that the boiling component does not change with velocity.
b) The need to include the effect of inlet temperature or subcooling is eliminated 
from the correlation by using the flux divided by the wall superheat in the 
definition of the bubble Nusselt number, Rohsenow [1952].
c) The experimental data of Addoms (1948) is used to demonstrate that the flux
density versus wall superheat increases with pressure. Rohsenow notes that the 
Prandtl number is very close to its minimum, when close to the critical pressure. 
By dividing the Jakob number by the Prandtl number, Rohsenow was able to use a 
single correlation for pool boiling at different pressures.
The use of the non-dimensional numbers as presented in equation 3.29 can be used for 
variations in velocity (providing superposition is used, equation 3.9), inlet temperature 
and pressure. This is therefore a potentially powerful algorithm. Incropera and 
DeWitt [1990] note that the form of Rohsenow ‘s equation, Le. calculating flux density, 
equation 3.31, is prone to errors of ±100%. These errors are reduced when the 
algorithm is used to calculate the superheat, equation 3.29.
Chen correlation [1966]
Chen developed an algorithm for saturated boiling using pure fluids and fully developed 
flows in vertical tubes.
The total, saturated, heat transfer coefficient is defined as the sum of the forced 
convection (macro-convective) and nucleate boiling (micro-convective) heat transfer 
coefficients, Chen [1966]:
\oud ~ hc0nv ± hmtcl ......................................................................................................... 3.32
Chen defines the macro-convective heat transfer coefficient, h COn v ,  in terms of the 
conventional tubular Dittus-Boelter equation (equation 3.5) for turbulent forced 
convection. In order to cope with the vapour content, Chen multiplies the Dittus- 
Boelter equation by a factor F, which represents the ratio of the effective two phase 
Reynolds, Re^, number to the liquid fraction Reynolds number, Re/. Experimentally, F 
is found to increase with increasing vapour fraction, figure 3.1, Chen.
Nucleate Boiling in Engine Cooling and Temperature Control 3-17
Review of Predictive Analysis
Chen derives the nucleate or micro-convective heat transfer component (hnuci) from the 
analysis of Forster & Zuber [1955] for pool boiling. Forster & Zuber use a 
conventional Nusselt number relationship as a function of Reynolds and Prandtl 
numbers:
Nub = 0.0015 Re J62 Pr°J3 ............................................................................................3.33
Similar to Rohsenow, these numbers are based on bubble radius and bubble dynamics 
and thus properties are for both the liquid and the vapour. The Forster and Zuber 
bubble Reynolds number includes the product of bubble radius and bubble growth, 
equation 3.18, with the liquid density and viscosity. The Forster and Zuber bubble 
Nusselt number includes the bubble radius, equation 3.17, with the liquid conductivity 
and flux. The micro-convective component is thus defined as, Chen:
hmrf = 0.00122
I U ./9  U.4D U.49 \
* /  Cpl Pi
— 0 5  .,0 .29 . 0.24 _ 0.24a  Pi K  Pv
S ) .................................................... 3.34
ATsat is the wall superheat or difference between the wall temperature and the saturation 
temperature. Originally, this equation contained the gravitational constant, which on 
conversion from Imperial to SI units becomes unity. Apsat is the difference between the 
wall pressure and the saturation pressure, pw - psau with the wall pressure given by the 
following Antoine equation for vapour pressure, Union Carbide [1991] and 
Reid et al [1987]:
p w =133.3x10 
where E = 7.9 - f  1691.5 '1................................................................................. 3.35
T_ + 229.8
Tw is in Centigrade rather than the SI unit K. Equation 3.35 is specifically for a 50% 
antifreeze mixture. The properties for the vapour are assumed to be based on water. Of 
the two components, water and ethylene glycol, water has the lower boiling point and 
therefore the vapour is more likely to be water vapour than ethylene glycol vapour, 
Evans and Light [1986].
Chen argues that the flow affects the thermal boundary layer, reducing the effective 
superheat over that of Forster & Zuber ‘s pool boiling effective superheat, and thus 
boiling is suppressed. The amount of suppression, 5, is then related to the local macro- 
convective Reynolds number. The graph given by Chen, figure 3.2, for the suppression 
factor has been defined by the following equations in the first instance.
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For values of Re < 104 S = 1.0 3.36a
For values of 104 < Re < 4x10s
S = -0.61og10(Re) + 3.4.............................................................................................3.36b
And for Re > 4x10s, S = 3.8764xl0'2........................................................................ 3.36c
A greater contiguity has been achieved by a set of algorithms based on the two phase
Reynolds number (Retp), Kreith and Bohn [1986], and used by Gollin et al [1995]:
Re^ = R e F 125x lx lO -4 
For values of Retp < 32.5:
5 = ---------— — ...................................................................................................... 3.37a
1 + 0.12 Re ^ l4
For values of 32.5 < Retp < 70:
5 = ------- 5— J=-......................................................................................................3.37b
1+ 0.42 Re J™
For values of Retp > 70:
S = 0 .1 .......................................................................................................................3.37c
The saturated heat flux, using super-position, equation 3.9, is then defined as such:
= {hccm + hm*l Xr » -  T*» ) ....................................................................................... 3.38
Other Algorithms
Cooper [1984] defines a simple saturated heat transfer coefficient in terms of reduced 
pressure, (pr), or the ratio of the fluid pressure to the critical pressure, surface roughness 
Rp in micron and molecular mass M:
K*  = 55p,0l2' “ k*,1'i'( - lo g 10 p ry°ssM-°sq 'oe’ ....................................................... 3.39
Cooper argues that correlations with multi-properties can be reduced since the variation 
of properties or groups of properties are inter-relational, or redundant, or are not 
significant for the overall accuracy of the correlation.
However, a problem with equation 3.39 and other similar empirical equations exists, 
where the heat transfer coefficient is defined in terms of the flux density. For predictive 
analyses, the boiling heat transfer coefficient is calculated in order that the nucleate flux
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can be calculated, Le. equation 3.38. Using Cooper’s equation, an iterative loop is 
required to assume a value for the flux: The heat transfer coefficient is calculated to re­
calculate the flux and the loop repeats, etc.
3.3.3.2 Subcooled boiling
For subcooled boiling, the bulk fluid is below the saturation temperature. Hence, 
bubbles, once formed at the heated surface, cool and collapse in the bulk fluid. In 
conventional IC engine operation, the inlet temperatures and pressures of the coolant 
within the engine are normally associated with subcooled boiling. Collier and 
Thome [1994] modified the algorithms proposed by Chen [1966] for subcooling. This 
subcooled form of Chen is used extensively to represent subcooled binary fluids in 
horizontal tubes, ducts and engines, table 3.4.
Finlay eta l [1985&1987]
Stone [1992]
Norris e ta l [1993]
Gollin et ai [1995]
McAssey et al [1995]
Bhowmick et al [1996&1997]
Ambrogi et al [1997]
Table 3.4 Users of the Chen correlations in the engine context (Subset of table 3.2)
These references are in the engine context and therefore the algorithm is used to 
represent IC engine cooling galleries. Finlay et al [1985 to 1991] at the National 
Engineering Laboratory (NEL) have undertaken extensive research in engine cooling, 
both in engines and on thermal flow bench rigs.
McAssey et al [1995] draw the distinction between the subcooled heat flux quantity 
given in equation 3.40 and that for saturated flows, equation 3.38.
q = K m (Tw -  T. )+ (Tw -  Tm ) ..............................................................................3.40
The macro-convective heat transfer coefficient (hconv) again contains the Dittus-Boelter 
equation, but with Chen’s F factor for saturated boiling set to unity. The vapour 
content is assumed to be minimal for subcooling. Hence, the ratio of the effective two 
phase Reynolds number and the liquid fraction Reynolds number are equal, figure 3.1.
Bhowmick et al [1997] demonstrate that the subcooled form of Chen’s correlation over­
predicts the heat transfer coefficient by *20% at the higher heat rates. As such, the 
correlation is therefore non-conservative. Two reasons are given for this:
1. The original correlation was based on saturated flow and therefore more extensive 
changes are required for subcooled conditions.
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2. The original correlation was developed for single component or pure fluids and 
engine coolants are binary fluids.
When comparing data for water, Bhowmick et al note that the subcooled Chen 
algorithm again over-predicts the heat transfer coefficient. Subcooling is therefore 
denoted as the more significant factor than the binary effects. Other correlations, 
including those of Rohsenow, Bergles & Rohsenow and Shah were studied but all were 
noted to have over-predicted by Bhowmick et aL A new suppression factor S for 
subcooling is developed from water data:
However, this factor, S, for subcooled suppression is also used to provide predictions 
for the binary mixtures and the accuracy in prediction of the heat transfer coefficients lie 
mostly within ± 20%, Bhowmick et al.
Other Algorithms
Thom et al (1965), referenced in Collier and Thome [1994], devised a simple, pressure 
dependent only, algorithm for the surface superheat versus flux density for water:
and Lottes (1951), referenced in Collier and Thome [1994], for subcooled boiling of 
water in vertical steel or nickel tubes. The tube diameter ranges from 3.63 to 5.74 mm 
and system pressures are in the range 7 to 172 bar, Collier and Thome. Equation 3.42 
can be rearranged to provide the flux in terms of the wall superheat and pressure.
Based on the work of Thom et al (1965), Cipolla [1989] of Fiat defines a fully 
developed subcooled boiling curve for water as:
It is assumed that Cipolla arrived at this equation by curve fitting experimental data. 
There are two points of note:
a) That the experimental context is engines with an antifreeze and
b) That superposition is not used.
S Bhowmick =-0.29 log10(Re)+1.54 3.41
( %7xl05) 3.42
This equation is a more accurate and modified version of an algorithm devised by Jens
( %7xl05 )
xlO6 3.43
q'b = 0.73 x 10 V,4 233x10-6/* a it! 1.27* ATsar 3.44
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Interestingly, Cipolla assumes that the convection component is negligible at high 
thermal fluxes. Unfortunately, since superposition is not used, Cipolla uses complex 
partial boiling relationships to dovetail the forced convection component and the fully 
developed boiling of equation 3.44 together. Partial boiling is discussed further in 
chapter 7 on modelling and prediction.
3.3.4 Transition boiling
Transition boiling is also known as unstable film or partial film boiling. The Critical 
Heat Flux (CHF) is considered to be the point at which transition boiling starts. The 
critical heat flux may also be known as the peak heat flux, burnout point, dry out or 
boiling crisis. For the transition-boiling regime there are two conditions.
• In heat flux controlled situations, a slight increase in the heat flux results in rapid 
increases in the wall temperature until true film boiling is reached, figure 1.1a). It is 
this condition, which is associated with the boiling crisis and burnout point.
• In temperature controlled situations, small increases in the wall temperature result in 
reductions in the heat flux until again film boiling is reached via the Leidenfrost 
point, point E in figure 1.1a).
The first condition is assumed to occur in engines because an engine is assumed to be 
heat flux rather than temperature controlled. To follow the first condition is also 
assumed to be more conservative than the second condition. In either case, to go 
beyond the critical heat flux is considered to be catastrophic for an engine. Therefore, 
for modelling purposes, transition boiling is defined only in terms of the critical heat 
flux, as follows:
• The heat flux is assumed to be constant and equal to the critical heat flux (q”chf)-
The critical heat flux represents the point at which the vapour bubbles leaving the 
surface pack together and coalesce to form a vapour blanket. The number of bubbles 
per m is 1/A>, the number of bubbles per m is 1/A, and the actual number of bubbles 
per m2 is, Rohsenow and Choi [1961]:
n = % ........................................................................................................................ 3.45
Dl
Cvb is a function of pressure. In addition, assuming the number of bubble sites is 
proportional to the flux, equation 3.21, and substituting equation 3.45 into 
equation 3.21, Rohsenow and Choi:
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3.46
Equation 3.23 is the product of the bubble frequency of formation and bubble diameter,
fDb, or bubble escape velocity given by Zuber. Rohsenow and Griffith (1960) 
correlated peak heat flux data using equations 3.46 and 3.23 as the basis. 
Finlay et al [1985] have used the Rohsenow and Griffith correlation translated into SI 
units in the engine context:
The density ratio (p/-p/pv) is the function of pressure for purposes of correlation. This 
equation can also be regarded as the maximum or limiting bubble escape velocity. 
Rohsenow and Choi [1961] note that the magnitude of the CHF appears to be relatively 
insensitive to the surface finish of reasonably smooth surfaces.
Both Zuber (1958) and Lienhard and Dhir (1973), referenced in Collier and Thome, 
have also used similar empirical expressions:
Where K is 0.131 (tc/24) for Zuber and 0.149 for Lienhard and Dhir, Collier and 
Thome [1994].
Choi present a wholly empirical correlation for water in tubes by Mirshak et al (1959):
Where V is the fluid velocity in ft/s, ATsc is the level of subcooling (Tsat - Tm) in 
degrees F and the pressure p  is in psia. This is translated into SI units as:
Where V is in m/s, ATsc is in degrees C and p  is in kPa. This correlation should be 
applied over the following ranges:
q’cv =o.om „Pv
f  _ \0-6
Pi " P v 3.47
q’cV = Khlvp™[og(pl - p vflJ5 3.48
Both subcooling and forced convection increase the peak heat flux and Rohsenow and
q 'c h f  = 480,000(1 + 0.0365VX1 + 0.00508Arsc Xl + 0.0131 p). ..units 3.49a
qchf = 1,513,920(1 + 0.119VX1 + 000914A7ic X1 + 0.0019p) 3.49b
Velocity: 1.52 to 13.7 m/s (5 to 45 ft/s)
Equivalent duct diameter: 5.3 to 11.7 mm (0.21 to 0.46 in)
Subcooling: 5 to 75 °C (9 to 135 F)
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Pressure: 172 to 586 kPa (25 to 85 psia)
Critical heat fluxes for water, in excess of 1000 kW/m2 (1 bar saturated pressure), are 
obtained using these correlations. The use of equations 3.47 to 3.49 suggest that 
increasing the pressure to the normal engine operating pressure of 2 bar increases this 
value of CHF. Similarly, increasing the inlet subcooling and/ or the coolant velocity 
increases the CHF. The minimum value of CHF obtained by using Mirshak et al, 
equation 3.49, is 2232 kW/m2.
The experimental work of Finlay et al [1985B, 1986B and 1987] suggests that the CHF 
can take place at much lower levels than 1000 kW/m . Ethylene glycol water mixtures 
in small-bore tubes were used and further discussion takes place in the next chapter.
3.4 Fu r t h e r  g e n er a l  c o o la n t -sid e  t h e r m a l  co n sid e r a t io n s
There are a number of issues specifically relating to the coolant that require discussion, 
including the range of coolant velocities and pressures to be supplied, the coolant itself 
and cavitation. The effects of velocity and pressure on thermal performance are 
discussed in the following chapter.
3.4.1 Engine cooling target velocities
The design of a conventional engine requires that values for coolant velocities be 
chosen to provide the necessary forced convection heat transfer to provide adequate 
cooling for the engine.
Coolant velocities of 1 to 3 m/s are described as the range of flows for critical thermal 
areas, Owen at al [1993] of Ricardo. The use of the Ricardo CFD program VECTIS is 
used for defining coolant flow within engines. Owen at al [1993] describe the use of the 
Dittus Boelter formula as the basis for heat transfer modified by a nucleate boiling 
correction factor. This factor is shown to be as high as 3 for a velocity of 0.7 m/s and 
160 °C surface temperature, but decreases to 1.25 at velocities of 3.0 m/s where boiling 
has been suppressed.
Several researchers have identified coolant flow velocity ranges from either thermal 
flow bench testing or analysis, table 3.5.
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Author Coolant velocity range [m/s] and 
location
Finlay et ai [1987]
Danckert et al, Volkswagen [1988] 
Cipolla, Fiat [1989]
Clough, Jaguar [1993]
Owen at al, Ricardo [1993] 
Stevens et al, Ricardo [1996]
0.1 to 5 
1 to 6
0.2 to 1.5 (cylinder head valve bridge)
1.5 to 5.5 (cylinder head)
0.4 to 1.7 (block)
1 to 3
1 to 2.5 (cylinder head critical areas)
1.5 (rest of the cylinder head)
1.0 to 1.5 (block)
Table 3.5 Engine coolant target velocities
Target coolant velocities have been traditionally chosen in the range to 0.1 to 6 m/s, 
where the lower end of the range may apply, locally, to non-critical and the higher end 
of the range to critical regions.
3.4.2 Pressurisation
Pressurisation of the coolant system raises the following traditional issues, 
Nunney [1992]:
a) Pressures above atmospheric allow the coolant to circulate at higher temperatures 
before boiling occurs. Hence, there is potential for a higher temperature difference 
at the radiator, which increases its efficiency.
b) Pressurisation compensates for a reduction in the atmospheric pressure at high 
altitude, where boiling would occur at lower temperatures.
c) The potential higher temperature difference at the radiator allows it to be smaller 
(but stronger).
d) The increase in pressure reduces the tendency of the coolant to cavitate.
e) The system has to be sealed and therefore coolant losses through evaporation and 
surging are minimised. Sealed systems also prevent the need for frequent inspection 
and the risk of a weakening anti-freeze solution.
The radiator cap, attributed to John Karmazin of Harrison radiators in 1939, is both a 
filler cap and the pressure control valve. It is usually the highest point of the system 
and allows for the coolant expansion and recuperation by allowing air in to prevent 
system depression and collapse. The system pressure is usually set in the range 90 to 
105 kPa gauge for cars and the recuperation is set at 7 Pa depression, Nunney [1992]. 
Modem car engines locate the pressure cap on the header tank.
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3.4.3 Coolant or antifreeze mixture
Water is a good cooling medium with a high enthalpy of vaporisation, high specific heat 
capacity and high thermal conductivity and a saturation temperature of 99.6 °C at 
atmospheric pressure, Stone [1992]. However, water is prone to problems associated 
with freezing and corrosion, especially if there are different metals in the cooling 
system. Therefore, the coolant mixture contains anti-freeze plus corrosion inhibitors to:
a) Protect the engine from freezing,
b) Protect against corrosion in both hot and cold climates and
c) Raise the boiling point.
Ethylene glycol has been used since the aircraft piston engines of World War II. Its 
boiling point in pure form is twice that of water. A 50% by volume concentration of 
ethylene glycol to water lowers the freezing point to -37 °C. Aircraft engines set the 
maximum limit to a 70% concentration because engines were running too hot due to the 
lower thermal conductivity of ethylene glycoL Most vehicle manufacturers use a 
concentration of 50% whilst others use a concentration of not less than 30%. British 
Standards set the minimum requirements for the boiling point, the freezing point, 
foaming tendency and corrosion inhibition: BS 3150 for alloys (1956 and 1959), 
BS 3151 and BS 3152 for cast iron (withdrawn in 1983 but replaced with BS 6580). A 
hydrometer is used to test the density relative to water.
The requirements for engine coolants have been summarised by Rowe [1980]. Rowe 
concludes that the coolant must be an aqueous engine coolant but must have additives in 
the ethylene glycol concentrate to prevent, in addition to the above, other shortcomings:
a) Inhibitors to prevent corrosion,
b) Alkaline substances to provide buffers against acids,
c) Anti-foam,
d) Dye for ready identification,
e) A small amount of water to dissolve additives.
French [1969] carried out extensive tests on distilled and seawaters with and without 
antifreezes and various additives, which showed significant effects on the heat transfer 
capability. The use of tap water is regarded as “detrimental to good heat transfer” and 
“no highly rated engine should be operated with untreated tap water as a coolant unless
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the quantity of hardness present is small”. The use of ethylene glycol reduces the heat 
transfer coefficients associated with forced convection by 25 to 34% depending on the 
concentration of glycol, French [1969].
In laboratory tests, Mercer [1980] obtained heat transfer data for coolants with different 
inhibitors under nucleate boiling conditions, with and without flow. Mercer shows that 
boiling the coolant increases the likelihood of scaling on the metal - coolant surface but 
also that the use of effective inhibitors can be used to reduce scaling and corrosion. The 
deposition of scale and corrosion products is shown to defer the onset of boiling to 
higher surface temperatures. The use of distilled rather than mains tap water enables a 
greater consistency of heat transfer data due to the removal or reduction in scale and 
corrosion.
Some researchers advocate the use of non-aqueous or pure propylene glycol as the 
coolant, table 3.6. Other researchers advocate the use of propylene glycol as a 
substitute for ethylene glycol, within an aqueous engine coolant, table 3.6.
Coolant
Evans and Light [1986] of Mecca 
Reny and Titley [1990] of Dow Chemicals 
Coughenour and Hwang [1993] of Arco and Cummins 
Weir et al [1995]**
Greaney et al [1995] **
Gollin et al [1995] **
McAssey et al [1995] **
Pure propylene glycol 
Pure propylene glycol 
Pure propylene glycol 
Aqueous propylene glycol 
Aqueous propylene glycol 
Aqueous propylene glycol 
Aqueous propylene glycol
** Arco, Southwest Research and Villanova University 
Table 3.6 Advocates of propylene glycol.
Propylene glycol is promoted over ethylene glycol for its lower freezing point, low 
corrosiveness, and low toxicity and is biodegradable, table 3.7. Much of this research 
was carried out in engines and the 50% by volume aqueous propylene glycol is shown 
to have a slightly reduced forced convective heat transfer property but an improved 
boiling heat transfer. Coughenour and Hwang suggest that the non-aqueous propylene 
glycol has an improved cavitation suppression performance and that by removing the 








EG - Water 
50% by 
volume
PG - Water 
50% by volume
1 100 197 187 111 106.0
2 121.1 222.7 211.2 130.8 127.1
Freezing 0 -9 -14 -37 -37
EG: Ethylene Glycol, PG: Propylene Glycol
Table 3.7 Boiling and freezing point temperatures (°C) for various engine
coolants, Evans and Light [1986], Stone [1992], and Gollin et al [1995]
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The use of distilled water rather than tap water is recommended for a reduction in scale 
deposition, greater consistency of thermal performance and improved corrosion 
resistance. Inhibitors can be used to inhibit the formation of scale. The replacement of 
ethylene glycol with propylene glycol is recommended due to its lower boiling point, 
corrosiveness, toxicity and biodegradability. There is some evidence to suggest that 
propylene glycol has a better thermal performance in boiling over that of ethylene 
glycol
3.4.4 Cavitation and flow erosion
Cavitation arises due to the formation of vapour bubbles in the fluid caused by the fluid 
pressure dropping below that of the vapour pressure. As the vapour bubble collapses, 
the forces caused by the in-flow of liquid gives rise to very high local pressures. 
Therefore, if a bubble collapses adjacent to a metal surface, surface erosion or cavitation 
damage may occur. This is particularly true in hydraulic machinery, such as pumps, 
where the high local pressures and temperatures may cause the hydraulic oil to combust 
causing further damage.
Owen at al [1993] of Ricardo suggest that, for cylinder heads at low coolant velocities, 
the collapse of vapour bubbles may lead to cavitation erosion. However, for erosion to 
occur, the bubble collapse would have to be adjacent to a metal surface. Provided the 
coolant is subcooled, the bubble collapse will occur mid-stream. None of the 
researchers in evaporative cooling system described evidence of cavitation damage but 
it remains as an issue for concern.
3.5 Su m m ary
For flow boiling, Rohsenow ‘s equation, equation 3.31, is attractive because of its 
simplicity and the representation of two boiling mechanisms. Rohsenow ’s equation is 
formed in terms of the bubble Reynolds number. However, a fluid to surface coefficient 
requires experimental measurement and this form of the equation that predicts the flux 
may be inaccurate. The Chen equations, equations 3.34 and 3.40, are more complicated 
but do not require experimentally measured coefficients. Hence, both Rohsenow and 
Chen form the basis of the modelling and prediction work.
Nucleate Boiling in Engine Cooling and Temperature Control 3-28
Review of Predictive Analysis
The computer aided engineering (CAE) or finite element (FE) analyst requires 
temperatures in order to assess the engine component integrity and durability issues, 
which are achieved via a knowledge of the heat transfer mechanism that is taking place. 
In order to predict the heat flux, the thermal resistances (inverse of heat transfer 
coefficients) of each component in the whole path from gas to metal to coolant are 
required. Hence, the finite element analyst requires gas and coolant-side boundary 
conditions. These boundary conditions can then be applied to the finite element model 
of the cylinder head or block to ascertain the temperature distribution.
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Table 3.2 Algorithm Developers and Algorithm Users
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Xn is the Martinelli number, which represents the fluid/vapour 
pressure drop ratio
Figure 3.1 Chen F factor (ratio of two phase to single phase Reynolds number) 
versus vapour content for saturated boiling, Chen [1966] and Collier 
and Thome [1994]




Figure 3.2 Chen S or suppression factor versus two phase Reynolds number, 
Chen [1966] and Collier and Thome [1994]
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• Gas-side boundary conditions
• Coolant-side boundary conditions
• FE analyses
Current IC engine design tools used in thermal analysis include Finite Element (FE) and 
Computational Fluid Dynamics (CFD), Campbell et al [2000]. Stress and fatigue 
analyses, using the finite element method, enable the engine designer to assess the 
integrity and durability of an engine component, respectively. A significant load on the 
engine component is the thermal load, section 2.4. Temperature distributions within the 
cylinder head or block may be used to provide the thermal loading to a stress or fatigue 
analysis. On the other hand, direct examination of the temperature distributions may 
ascertain whether a material limit has been exceeded, section 2.4.2. It is not then 
considered necessary to undertake a subsequent stress analysis before the component is 
reassessed in terms of the thermal design. This reassessment may take form in the 
component itself or the boundary conditions.
These boundary conditions include those on the gas-side and coolant-side, both of 
which are described in this chapter. The three coolant heat transfer regimes of forced 
convection; forced convection plus nucleate boiling and transition boiling, described in 
section 3.3 of the previous chapter, have been used in finite element (FE) models of 
engine cylinder heads.
The three dimensional FE analysis of a Ford turbocharged 1.8L IDI 2 valve per cylinder 
is undertaken to assess the effect of the CHF. The three dimensional FE analysis of a 
Ford 4-valve DI aluminium alloy concept cylinder head is undertaken and results for 
non-optimised forced convection plus nucleate boiling versus standard forced 
convection are compared.
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4.2 G as-sid e  h e a t  t r a n sfe r  bou nda ry  c o n d it io n s  f o r  f in it e  e l e m e n t
ANALYSIS
4.2.1 Definition of values for gas-side heat transfer
Traditionally, gas-side heat transfer is defined in terms of the gas-side heat transfer 
coefficient and the gas to gas-side wall temperature difference. Heat transfers by forced 
convection between the in-cylinder gases and the cylinder head, valves, etc, 
Heywood [1988]. In other words, the equation for gas-side heat transfer is very similar 
to Newton’s law of cooling, equation 3.2. Throughout the operating cycle of IC 
engines, the heat transfer depends on the varying gas temperatures, pressures and local 
gas velocities, Heywood. These local velocities vary depending on the intake port and 
combustion chamber configuration. Distinction should be made between the following 
forms of heat transfer, Heywood:
• Instantaneous local heat flux
• Instantaneous spatially averaged
• Time or cycle averaged
The analysis of component steady state temperatures is considered. For steady state 
engine operation, the depth to which unsteady temperature fluctuations penetrate is 
small Hence, a quasi-steady solution is satisfactory, Heywood. However, the gas 
temperatures and velocities vary significantly across the combustion chamber. The 
spatial heat transfer is thus non-uniform, Heywood [1988]. A set of heat transfer 
boundary conditions that is time averaged, but spatially varying, is therefore sought.
Many texts define the heat transfer directly in terms of the heat flux density alone. 
Some texts incorporate work from Ricardo including, Alcock et al [1957], French 
[1969, 1970], Clinker and Hayward [1993] and Clough [1993]. Clough of Jaguar shows 
typical measured heat flux density values for two different four valve/cylinder SI 
engines, table 4.1. The values are measured between valve seats at maximum power.
Location Flux value 
kW/m2




Table 4.1 Measured heat fluxes for 4 valve/cylinder SI engines at maximum 
power, Clough [1993],
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Clough designs a precision cooled cylinder head for a range of heat flux densities 
depending on the location within the cylinder head, table 4.2.




300 to  400 
650 to  1030
Table 4.2 Precision cooled SI cylinder head, Clough [1993].
Clinker and Hayward [1993] show heat flux values for maximum power conditions for 





Table 4.3 Ford 4 valve per cylinder DI diesel cylinder head, New Diesel Engine 
(NDE) at maximum power, Clinker and Hayward [1993].
If the gas-side boundary conditions are defined directly in terms of heat flux density, it 
is assumed that the heat transfer is independent of the gas and gas-side wall 
temperatures. Jackson et al [1990], of Ricardo, show that this is not the case for 
engines, where ceramic materials are used to insulate the combustion chamber walls. 
The heat transfer is dependent on gas-side wall temperature, Jackson et al [1990]. 
Discussions on gas-side heat transfer in chapter 1 and advanced cooling in chapter 2 
suggest that changes to coolant-side conditions strongly affect the gas-side heat transfer 
conditions. Some of these discussions are detailed by Campbell et al [1995C] and are 
considered to be outside the scope of this thesis.
In remaining discussions, the gas-side heat transfer is based on heat transfer coefficients 
and gas temperatures. This is the situation adopted by Haddock (editors Haddad and 
Watson [1984]), AVL and Adapco, figure 4.1 and table 4.4.
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Haddock (editors Haddad and 2 valve per cylinder 600 to 1200 -




Adapco Ford 1.8L 2 valve 300 to 1200 877
Remaklus [1990] IDI TC
Chang and Mannisto [1992] Ford 2.5L 4 valve 
DI
520 to 915 847
Table 4.4 Proponents of the application gas-side heat transfer coefficient and gas 
temperature as boundary conditions.
In figure 4.1, Haddock shows the spatial variation in gas-side heat transfer coefficient 
with high values in the cylinder centre and low values around the cylinder edge.
For the Ford 4 valve per cylinder DI diesel NDE cylinder head, there is little significant 
difference in the resulting temperature distribution from application of either type of 
boundary condition. Both types of boundary condition, gas-side heat transfer 
coefficient and gas temperature, and gas-side flux density have been applied to the FE 
model, Campbell and Charlton [1993A].
The gas-side boundary conditions for the Ford 4 valve per cylinder DI diesel cylinder 
head are obtained from the engine performance program MERLIN, French [1992] of 
Ford and Bazari [1992]. Unfortunately, only time and spatial averaged values are 
provided. A spatial profile is therefore required for application to the heat transfer 
coefficient.
4.2.2 Ford 4 valve per cylinder DI diesel cylinder head
The spatial variation in the local heat transfer coefficient, hiocai, is calculated by 
multiplying the cycle averaged mean heat transfer coefficient by the following 
normalised spatial heat transfer algorithm, equation 4.1.
h  — hlocal mean
f  \
0.71 + 0.69 cos k/ 2—
\ *o
4.1
r is radius of the point at which the local heat transfer coefficient is to be applied, Ro the 
cylinder circumference. This profile gives low values at the cylinder edge (r = Ro) and 
high values at the cylinder centre (r = 0) and is based on data from Ricardo, table 4.5.
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Heat flux density 
[kW/m2]
Combustion 710 877 -
chamber (mean)
(edge) 504 877 -
(centre) 994 877 -
Inlet ports 104 60
Exhaust ports 190 600
Inlet valve seats 1051
Exhaust valve seats 2125
Table 4.5 Gas-side heat transfer boundary conditions for Ford 4 valve per
cylinder DI diesel cylinder head at maximum power, French [1992] of 
Ford, Clinker and Hayward [1993] of Ricardo and Campbell and 
Charlton [1993A].
Heat transfer to or from the inlet and exhaust ports is also defined using heat transfer 
coefficients and gas temperatures but heat transfer to the valve seats is defined directly 
by heat fluxes, table 4.5.
4.2.3 Ford turbocharged 1.8L IDI 2 valve per cylinder
The spatial distribution of the local heat transfer coefficient, hiocai, is very similar to that 
of the 4 valve per cylinder engine and is represented by equation 4.2:
h — h 
local mean
{ \  
0.66 + 0.69cos */2—  
Ro
4.2
This profile is based approximately on data from AVL, Meurer [1985] and 
Gschweitl [1985]. The mean values of heat transfer coefficient and gas temperature are 
obtained from the engine performance program MERLIN (formerly known as 
TRANSENG), table 4.6.









Table 4.6 Ford turbocharged 1.8L IDI (2 valve per cylinder) at maximum power, 
French [1986] of Ford and Campbell and Charlton [1986].
Both Ford engines, the 4-valve per cylinder DI and the 2-valve IDI; show similar spatial 
gas-side heat transfer coefficient variations, 500 to 1000 W/m2K, cylinder edge to 
centre. Similar gas-side temperatures in the region of 900 °C area are also shown.
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4.3 C o o l a n t  h ea t  t r a n sfe r  boundary  c o n d it io n s  f o r  f in it e  e l e m e n t
ANALYSIS
The Dittus-Boelter and Chen models, described in chapter 3, are used to generate heat 
flux versus wall temperature and velocity curves, figure 4.2. These models, for 
convection and boiling, respectively, are used to obtain an approximate sensitivity of 
coolant heat transfer to changes in flow conditions. At this stage, an approximate 
understanding is all that is required. A detailed account of this sensitivity is covered in 
chapters 6 and 7. The models are compared against tubular data obtained from 
Finlay et al [1987]. A range of coolant velocities, 0.1 to 5.5 m/s, is shown. The values 
shown for the CHF are discussed in the following section.
4.3.1 Critical Heat Flux (CHF) or Transition boiling
As noted in section 3.3.4 of chapter 3, using the correlations of Rohsenow and Griffith 
and Zuber, critical heat fluxes for water in excess of 1000 kW/m2 (1 bar saturated 
pressure) are obtained. These notes are reproduced here for convenience. The use of 
equations 3.47 to 3.49 suggest that increasing the pressure to the normal engine 
operating pressure of 2 bar increases this value of CHF as does increasing the inlet 
subcooling and/ or the coolant velocity. The minimum value of CHF obtained by using 
Mirshak et al, equation 3.49, is 2232 kW/m2.
Values for the CHF at 1400 and 1700 kW/m2 for water at 95 °C and 1 bar or 2 bar 
pressure, respectively, are given by Finlay et al [1985A]. These values are obtained 
using the Rohsenow and Griffith model, equation 3.47 and are conservative Le. large 
cross section ducts heated on one side with zero coolant velocity. Finlay et al also state 
that the maximum heat flux for a glycol water mixture is likely to be of the same order 
but that no measured values are available.
Attempting to use this data, as it is, in a study on a 1.8 litre IDI cast iron cylinder head 
proved to be difficult, Campbell and Charlton [1986]. If the operating point of the 
engine is below the CHF at all locations, nucleate boiling alone would maintain cylinder 
head temperatures below that of concern. However, high experimental metal 
temperatures were obtained, Paxton [1987]. Matching finite element results to 
experimental data was achieved, only by using the lower values of heat transfer 
associated with exceeding the CHF. It was therefore surmised that the CHF must have 
been obtained at lower values of heat flux than that expected.
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Finlay et al [1985B & 1987] show that low levels of CHF (200 to 600 W/m2K) for small 
diameter copper ducts in low flow, pressure controlled situations may be obtained with 
an ethylene glycol water mixture. These CHF levels are increased in flow-controlled 
situations. The data, extracted from Finlay et al, is shown in figure 4.3. 
Finlay et al [1987] also note that dry out does not occur for the aluminium or cast iron 
test pieces.
However, further data is provided in Finlay et al [1986B] again for pressure-controlled 
situations. Critical heat fluxes of approximately 300 and 500 W/m2, are achieved for 
small rectangular ducts (10 mm equivalent hydraulic diameter) with aluminium and 
cast-iron test pieces heated on one side at a coolant velocity of 0.1 m/s.
The CHF data, estimated from Finlay et al [1985B, 1986B and 1987], was crucial to the 
development of understanding that the CHF must have occurred for the Ford 1.8 litre 
turbocharged IDI diesel, Campbell and Charlton [1986]. A layer of scale (0.28 mm of 
aluminium and calcium salts) was found on the coolant surface of the cylinder head 
above the combustion chamber, Lane [1986]. It is noticeable that the area of the valve 
bridge hit by the jet from the cross drilling is devoid of this layer of scale, whilst the 
inlet valve to exhaust valve and pre-chamber area are covered in scale. Hence, either 
the jet cools the metal enough to avoid metal temperature high enough to cause scale 
deposition or that the jet inhibits scale deposition with fluid motion.
It is suggested that the scale was the result of the cylinder head high temperature and not 
the cause, Campbell and Charlton [1986]. It is also suggested that the scale indicated 
that a problem had occurred, Campbell and Charlton [1986].
The CHF data, estimated from Finlay et al [1985B, 1986B and 1987] is shown in 
figure 4.3 and is the basis for the following model CHF Model:
CHF Model A:
q #  =u(6.96p_ -3 .5 x l0 5)+(2.17p_ -5.42x10“) ..................................................... 4.3
This equation is purely empirical. The coefficients used in this bilinear equation have 
been obtained by using linear regression techniques to obtain a crude best fit to the 
sparse experimental data obtained by Finlay et al. As such, it is dependent on coolant 
velocity and system pressure only, similar to Mirshak et al, equation 3.23. No account
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of inlet subcooling, surface roughness or any other parameter is included. Collier and 
Thome [1994] report these items as significant for the CHF.
Most of the data from Finlay et al was obtained with a constant pressure drop across the 
test section and only two experimental points are at a constant flowrate. However, both 
coolant velocity and system pressure are shown to be significant in defining the CHF. 
CHF model A, equation 4.3, is compared against the experimental data at the pressures 
of 1 and 2 bar absolute.
The CHF model under-estimates the critical heat flux at 2 bar system pressure by 
approximately 50 kW/m2 (9%) at 0.1 m/s and approximately 100 kW/m2 (8%) at 0.7 m/s 
and is therefore conservative.
• This model, equation 4.3, is based on small-bore axi-symmetric data.
In small coolant passages, vapour blockages cause problems, Finlay et al [1985A, 
1987]. If the diameter of a bubble leaving the heated surface is similar to the diameter 
of the duct, the bubble is confined and a blockage occurs. If the duct height is 
magnitudes larger than the bubble diameter, developing bubbles have space to leave the 
heated surface and disperse into the subcooled volume well away from the surface, 
thereby postponing and elevating the CHF. The height of the duct or coolant passage 
above the heated surface may therefore be a significant factor in the determination of 
the CHF.
4.3.1.1 CFD and FE analyses
Traditional engine, thermal, analyses are carried out by obtaining forced convection, 
heat transfer coefficients from CFD models of the coolant passages, Clinker and 
Hayward [1993]. Although CFD analysis is the current recognised method of obtaining 
forced convection boundary conditions; at the time of the FE analyses undertaken in this 
thesis (1986-1993) access to this method was very limited and was not undertaken here. 
Hence, the range of forced convection heat transfer coefficients used in the FE analyses 
in this chapter appears crude by today’s standards. These forced convection coefficients 
are applied as boundary conditions to the finite element models of cylinder heads and 
blocks. By allowing for wall-temperature dependent heat transfer coefficients, non­
linear thermal, finite element analyses including nucleate boiling may be undertaken.
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4.4 F in it e  e l e m e n t  (FE ) analyses
Thermal analyses using the finite element (FE) method are undertaken to ascertain the 
temperature distribution within the cylinder head or block. The effects of heat fluxes 
from the valves combine with the fluxes from the flame face to provide a highly 3-D 
thermal problem, especially in the area of the valve bridge.
The finite element package, ABAQUS from HKS, is used to calculate the temperature 
distribution. ABAQUS is a general purpose FE solver, commercially available, and 
applicable to thermal, static and dynamic etc. analyses, Hibbitt et al [1992]. It has been 
under development since 1978 particularly for non-linear applications, Hibbitt [1984].
Two engine component studies are included: the first on the Ford 1.8 litre IDI diesel 
cylinder head and the second on the Ford 4 valve per cylinder DI NDE diesel cylinder 
head.
Boundary conditions for both the gas-side and the coolant-side are required together 
with material properties for the metals used in the cylinder head. Thermal boundary 
conditions are applied to a finite element model in the form of a heat transfer coefficient 
and sink or bulk temperature. A heat transfer coefficient and bulk temperature is 
applied to each face of a surface element adjacent to the combustion gas or to the 
coolant. Any remaining surface element faces are assumed to be adiabatic.
4.4.1 3-D simulation of the Ford 1.8L IDI cylinder head 2 valve per cylinder
4.4.1.1 Material properties
The Ford 1.8L IDI cylinder head material is cast iron grade 220, for which the 






Cast iron grade 220 300 48.1
Table 4.7 Thermal material properties for cast iron grade 220, BS 1452:1977.
4.4.1.2 Boundary conditions
Application of the spatial gas-side boundary conditions is as described previously in 
section 4.2.3. The value of heat transfer coefficient is calculated from the position of 
the element face relative to its location within the combustion chamber. Element faces 
close to the edge of the combustion chamber have values near to 500 W/m2 K, whilst
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element faces close to the centre of the combustion chamber have values near to 
1050 W/m2 K.
Two sets of finite element analyses were undertaken depending on the application type 
of the coolant-side boundary conditions:
a) Discrete
b) Continuous
Discrete coolant-side boundary conditions
Initial thermal analyses of the Ford 1.8L IDI assumed discrete constant values for the 
coolant-side boundary conditions. Areas of the coolant-side flame deck were assigned a 
single constant heat transfer coefficient according to whether the area was in the 
convective, nucleate boiling or transition-boiling regime. The dependence of the heat 
transfer coefficient on wall temperature was not accounted for, at this stage, Campbell 
and Charlton [1986]. Hence, these thermal analyses were non-iterative.
Redesign or revision of the 1.8 litre cylinder head, included lowering of the valve bridge 
and increasing the flame deck thickness to achieve improved local velocities in the 
critical thermal area, figure 4.4 a and b, Lawrence and Evans [1990]. These increased 
local velocities were deemed to have increased the level of CHF.
The temperature distribution maps showed a reduction in flame face temperatures and 
coolant face temperatures for the revised head, Campbell and Charlton [1986]. The 
hottest region of the cylinder head, 436 to 455 °C, was reduced to 387 to 403 °C. The 
results from FE analysis of the original head were matched and validated with 
experimental Templug data, Campbell and Charlton [1986].
Continuous coolant-side boundary conditions
The integration of the continuous boundary condition within the ABAQUS program is 
undertaken by including a user defined FORTRAN subroutine “FILM”. A requirement 
of the program and subroutine is for the user to supply the heat transfer coefficient and 
bulk or sink temperature. The program defines values for the wall temperature, time, 
and data for the element location etc. Hence, a heat transfer coefficient dependent on 
wall temperature may be applied using this subroutine.
The heat transfer coefficient versus wall temperature was devised in terms of crude 
characteristic curves for convection, nucleate and transition boiling, figure 4.5, rather 
than the Dittus-Boelter Chen models. A “blanket” application of a single crude 
characteristic curve, i.e. 0.2 m/s, to the part of the cylinder head above the combustion
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chamber is made. Attempts were made to apply this boundary condition within an 
ABAQUS iterative procedure using the subroutine “FILM”. However, due to the non- 
linearity and large changes in heat transfer coefficient with small changes in wall 
temperature, mathematical instabilities were observed. A convergent solution was not 
achieved. On consultation with HKS, the derivative of the heat transfer coefficient with 
wall temperature was applied, Sorensen [1987]. The application of this derivative, 
together with a time stepping procedure, enabled convergent thermal solutions to the 
cylinder head model to be obtained.
4.4.1.3 Temperature distribution results
The cylinder head thermal model had 4129 nodes and 3138 linear thermal elements, 
Campbell and Charlton [1986]. The non-linear solution took of the order of 1800 CPU 
seconds on a Cray XMP supercomputer.
Thermal finite element analyses were undertaken to compare the original cylinder head 
to the redesigned head again. The original head was deemed to have a “blanket” 
application of coolant velocity at 0.7 m/s and a CHF at *800 kW/m2. The model of the 
redesigned head included a higher coolant velocity, 1.0 m/s, and its associated increased 
CHF, 1000 kW/m2.
The hottest point in the original head is 544 °C, figure 4.6a. The hottest point in the 
revised head is 387 °C, figure 4.6b. Application of the revised higher velocity and CHF 
has reduced the size of the region exposed to transition boiling, figure 4.7. This in turn 
leads to the cooler flame face temperatures viewed in figure 4.6b.
These results show that:
• Even with crude coolant-side boundary conditions, the importance of avoiding the 
CHF and transition boiling region is demonstrated
• The critical thermal region is a region of high heat flux, at maximum power, 
subject to 3-dimensional heat fluxes usually at the centre of the cylinder head.
• Accurate definitions of the boundary conditions are required
4.4.1.4 Simple 2-D simulation of a cylinder head flame plate
The flame plate in the valve bridge to pre-chamber area on the Ford 1.8L turbocharged 
engine was increased from the original design of 8 mm to a revised design of 10 mm,
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Lawrence and Evans [1990]. A simple crude parametric study on the flame plate or 
flame deck thickness was undertaken using a 2-D ABAQUS analysis. The difficulty in 
changing geometric details, together with the large computational run-times associated 
with the 3-D model limited parametric studies. Hence, crude 2-D analyses were used.
A 2-D model of approximately 180 nodes and 140 DC2D4 thermal elements was used 
to represent the flame plate above the piston (41.25 mm radius) and beyond. The 
thermal contribution of the intake and exhaust ports, in terms in the heat input from the 
valve seats and the heat extraction along the port walls, are ignored. Hence, this 
analysis represents a large over simplification of the real case.
The simulated cast iron, grade 220, plate thickness was increased significantly from 4 to 
8 mm with properties shown in table 4.7. The spatial gas-side boundary conditions are 
as described previously in section 4.2.3.
The whole of the cooled face of the flame plate is represented by the characterised 
forced convection boiling models, described previously. A deliberately low coolant 
velocity, with a predicted CHF of 300 kW/m2 at a surface temperature of 175 °C, was 
chosen for both thicknesses of plate.
A comparison of the different plate thicknesses indicated that the thicker plate is cooler 
by 514 to 533 °C, contrary to expectation. As parts of the plate above the cylinder 
centre are in the transition-boiling regime, the heat flux to the coolant saturates. The 
normal heat flux path direct from gas to coolant above is cut off. By increasing the 
thickness of the plate, an alternative heat flux path through the cross-section of the deck 
increases, figure 4.8. Thus, heat can be extracted by coolant, which is outside the 
environs of the piston and not in the transition regime. This situation is further 
improved if the flame plate is considered axi-symmetrically. The radial circumferential 
areas increase with both radius and thickness.
The thermal design of the turbocharged Ford 1.8L was improved for two reasons:
• Reducing the “hump” in the valve bridge improves the coolant velocity adjacent to 
the critical metal surface in the triangular inlet valve to exhaust valve to pre- 
chamber region, Lawrence and Evans [1990]. Hence, levels of heat transfer in both 
convection and the CHF are increased.
• Increasing the thickness of this critical triangular region increases the radial metal 
heat flux path should the coolant above be in transition boiling.
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4.4.2 3-D simulation of a Ford 4 valve per cylinder DI diesel cylinder head.
A finite element model of a Ford 4-valve cylinder head is assessed for temperature 
distribution in three dimensions. A non-linear thermal analysis including forced 
convection, nucleate and transition boiling is compared to a linear analysis with forced 
convection only.
A finite element model, representing only one cylinder of the 4-cylinder engine, was 
built for stress analyses, Clinker and Hayward [1993] and is shown in figure 4.9. The 
thermal model was adapted from the stress model and includes the flame-deck with inlet 
ports and exhaust ports, but excludes the cam carrier etc. The model has 26,778 nodes 
and 4,975 quadratic elements. Pre and post processing was executed with the geometry- 
modelling package, PATRAN, PDA [1993]. The solution was undertaken with 
ABAQUS version 4-9, Campbell and Charlton [1993A]. The materials and boundary 
conditions are as follows.
4.4.2.1 Material properties
The Ford 4-valve DI cylinder head is made of sand-cast aluminium alloy 319T6 for 





Valve seat inserts 20 30
Table 4.8 Material properties for the Ford 4-valve DI cylinder head, Clinker and 
Hayward [1993]
4.4.2.2 Boundary conditions 
Gas-side
The application of the spatial gas-side boundary conditions is as described previously in 
section 4.2.2.
Coolant-side (Forced convection only)
For the traditional coolant-side heat transfer conditions, values for high forced 
convection are assumed at 8000 and 11000 W/m2K in the valve bridges, table 4.9, 
Clinker and Hayward [1993]. These values correspond to target velocities of 1 to
2.5 m/s, Stevens et al, [1996] of Ricardo. A reasonably high forced convection 
condition has also been chosen for areas outside the cylinder region, 6000 W/m K, 
table 4.9.
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Exhaust to exhaust bridge 11000 90
Inlet to exhaust bridge 8000 90
Inlet to inlet bridge 8000 90
Remaining coolant regions 6000 90
Table 4.9 Forced convective coolant-side heat transfer boundary conditions, 
Clinker and Hayward [1993]
Coolant-side (Including Boiling)
Boundary conditions for forced convection, nucleate and transition boiling, are applied 
using the Dittus-Boelter, Chen and CHF model A, described in section 4.3. A coolant 
velocity of 1 m/s is applied to the whole of the cylinder head coolant surface. A duct of 
large characteristic diameter, 50 mm, is assumed as a general value for the cylinder head 
rather than a valve bridge. Properties for an ethylene glycol water mixture at 90 °C at 
inlet and 2 bar pressure area are assumed.
The calculated forced convection, heat transfer coefficient is 2982 W/m2K, which 
appears low compared to the values given in table 4.9. The nucleate heat transfer 
coefficient rises from 2982 W/m2K to peak at approximately 18,000 W/m2K, 
figure 4.10. The value of 18,000 W/m2K is high compared to the values shown in 
table 4.9. Corresponding heat flux densities for the forced convection, nucleate and 
transition boiling regimes versus coolant wall temperature are also shown in figure 4.10. 
The CHF is calculated at 1400 kW/m2 by using CHF model A.
With the blanket application of the 1 m/s coolant velocity and large diameter, this 
thermal analysis should not be regarded as an optimised nucleate boiling strategy.
The subroutine “FILM” is shown in appendix A. The coefficients for this subroutine 
are calculated by another program and subroutine “HEAFTLM” also given in appendix 
A. The subroutine “FILM” is required by ABAQUS to supply the rate of change of 
heat transfer coefficient with wall temperature. Hence, temperature dependent fluid 
properties are ignored for simplicity.
The non-linear thermal solution, including boiling, took in the order of 2500 CPU 
seconds on a Cray supercomputer.
4.4.2.3 Temperature distribution results
The flame-face temperature distribution for the solution including boiling is very similar 
to that of the conventional forced convection results, figure 4.11. The inclusion of the 
nucleate boiling regime reduces the temperature at the exhaust-to-exhaust valve bridge
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by up to 8°C, figure 4.12. The other valve bridge temperatures change by -2  to +2 °C. 
The regions outside of the cylinder are shown to be 0 to 8 °C hotter with the nucleate 
regime than those with the conventional results.
Even with the forced convection analysis, there are regions of the coolant face above the 
saturation temperature and therefore undergoing nucleate boiling, figure 4.13. For the 
nucleate boiling cooled surface, the regions above the combustion chamber are cooler 
than the pure forced convection solution. The outer regions of the cooled surface are 
hotter for the nucleate boiling solution than the pure forced convection solution. Hence 
a greater uniformity in temperature is achieved by using nucleate boiling than with pure 
forced convection alone.
These results show that:
• With a non-optimised low velocity forced convection plus nucleate boiling 
cooling strategy, a more uniform temperature distribution is obtained at the 
cylinder head flame-face to that obtained with a high velocity forced convection 
strategy.
• For the nucleate boiling cooled surface, the regions above the cylinder are cooler 
and the outer regions are hotter.
A single value of coolant velocity has been used around the whole of the cylinder head 
and thus the solution is non-optimised. By tuning regions of the cylinder head to have 
further reductions in velocity, greater flowrate reductions may be made. By allowing 
for an optimised nucleate boiling strategy, further improvements to the uniformity of 
temperature may be made.
4.5 Sum m ary
The convective and nucleate heat transfer regimes use characteristic curves or the 
Dittus-Boelter Chen models. A model for the CHF is based on limited data extracted 
from work by Finlay et al [1985B, 1986B and 1987] at the National Engineering 
Laboratory (NEL). The CHF data, estimated from Finlay et al was crucial to the 
development of understanding that the CHF must have occurred for the Ford 1.8 litre 
turbocharged IDI diesel, Campbell and Charlton [1986]. As a result, the influence of 
coolant velocity and system pressure in the CHF is modelled initially by CHF model A, 
equation 4.3. However, this model is based on small-bore axi-symmetric data only.
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A comparison between the use of a low coolant velocity plus nucleate boiling versus a 
high forced convection strategy shows that the critical regions of a cylinder head can be 
maintained within the design temperature limits. The cylinder head extremities are 
maintained at higher temperatures with the nucleate boiling strategy and the greater 
uniformity in temperature should enable improved component durability.
A single value of coolant velocity has been used around the whole of the cylinder head 
and thus the solution is non-optimised. By tuning regions of the cylinder head to have 
further reductions in velocity, greater flowrate reductions can be made together with 
further improvements to the uniformity of temperature. Accurate representation of the 
coolant-side boundary conditions is required for FE analysis.
Finite element analyses show that:
• Accurate representation of the coolant-side boundary conditions is required
• Nucleate boiling is significant in providing uniform temperatures at low velocities
• Transition boiling is undesirable
• The importance of the critical heat flux (CHF) as the limit to nucleate boiling and 
the start of transition boiling in engine FE analyses
• That spatial targeting is required. The effects of heat fluxes from the valves 
combine with the high fluxes from the flame face to provide a highly 3-D thermal 
problem, especially in the area of the valve bridge. This region needs cooling. 
The outer extremities of the cylinder head do not need as much cooling.
• The integrity of the FE solution is dependent on the quality of the boundary 
conditions.
• The maximum metal temperatures obtained with a low, non-optimised, velocity 
with flow boiling are lower than the metal temperatures obtained with high forced 
convective coolant velocities only.
• The metal temperature distribution obtained with a low, non-optimised, velocity 
with flow boiling is more uniformity than the distribution obtained with high 
forced convective coolant velocities only.
Non-linear, 3-D, thermal, finite element analyses, including boiling, require significant 
amounts of supercomputer resources. These resources are in terms of time, memory 
and disk storage. However, finite element analyses with optimised boundary conditions
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including boiling are recommended as future work. Further observation of temperature 
distribution and uniformity may then be assessed.
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4 Fig ures - Results o f finite  elem ent analysis




Figure 4.1 Spatial distribution of flame face heat transfer coefficients for a 
cylinder head, Haddock in Haddad and Watson [1984].
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Figure 4.3 Critical heat flux versus coolant velocity and system pressure.
Experimental data extracted from Finlay et al [1985B, 1986B & 
1987]. Empirical CHF model A, equation 4.3 shown at 1 and 2 bar 
system pressure.
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a) Original design
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Cross-drilling
point-c
b) Revised design including lowered valve-bridge and thickened flame plate 
thickness at point C
Figure 4.4 Ford 1.8L TC IDI cylinder head with as-cast cavity passages. View of 
section through valve bridge for a) Original design and b) Revised 
design, Lawrence and Evans [1990].
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Figure 4.5 Heat flux and heat transfer coefficient versus wall temperature.
Characteristic curves for coolant heat transfer used as boundary 
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Figure 4.6 Flame face temperature map results for Ford 1.8L TC EDI cylinder 
head for a) Original design and b) Revised design.
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Figure 4.7 Coolant face temperature map results for Ford 1.8L TC IDI cylinder 
head for a) Original cylinder head b) Revised design
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Figure 4.8 Diversion of heat flux density during transition boiling
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Figure 4.9 Single cylinder stress model of the cylinder head including valve 
seats and guides, cam carrier and bolts. The thermal model does not 
include the cam carrier, bolts and parts of the inlet and exhaust 
ports as shown here.
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Figure 4.10 Heat flux density and heat transfer coefficient versus surface 
temperature. Boundary conditions used in 3-D thermal analysis with 
boiling.
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Figure 4.11 Flame face temperature maps for high forced convection versus low 
velocity including boiling boundary conditions.
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Figure 4.12 Flame face temperature difference map (Boiling minus forced 
convection boundary condition results).
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Figure 4.13 Coolant side temperature maps for high forced convection versus 
low velocity including boiling boundary conditions.
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5 Test  Rig  Developm ent
5.1 In tr o d u c tio n
Preceding chapters demonstrate that nucleate boiling can be advantageous in engine 
cooling. Similarly, the CHF and transition boiling are to be avoided. In the light of the 
preceding FE analysis, boiling and the CHF in the context of low flow, small geometry 
ducts needs to be examined further experimentally.
In this context, prediction of the level of the CHF is crucial to the use of nucleate 
boiling. However, there is not enough experimental data in the open literature to fully 
validate the CHF models used at this stage. An experimental thermal flow bench rig is 
required to obtain data, test and validate nucleate boiling models and test or develop 
CHF models. The use of these models may achieve more accurate representation of the 
FE boundary conditions that are required.
The traditional thermal flow rig design requirements are:
a) Variability in coolant velocity (flowrate)
b) Inlet temperature
c) System pressure
d) Wall material and surface finish
In addition, the following design criteria have been included for particular emphasis:
• Obtain confirmation data for forced convection and nucleate boiling regimes
• Obtain data for the CHF
The thermal flow bench must be able to accommodate:
• Adjustment in cooling gallery dimensions
• 1-D heat flows
• Angled jets
Previous investigators have used thermal flow bench rigs in the context of engine 
cooling, table 5.1. These rigs are reviewed in this chapter. All of these investigators 
have studied the forced convection and nucleate boiling regimes experimentally, but 
only Finlay et al provide some substantive data for the CHF




Smith et al [1970]
Finlay et al [1985B&C, 1986A&C and 1987]
Perry and Anderton [1985]
Cipolla [1989]
Boyle et al [1991]
McAssey et al [1995], Gollin et al [1995], Bhowmicketal [1996, 1997],
Ambrogi et al [1997] and Branchi et al [1997]
Table 5.1 Investigators using experimental thermal flow bench rigs. (Subset of 
table 3.1)
It has been suggested, in the previous chapters, that the gallery or duct size has an 
influence on the level of CHF. Most of the test sections, used by the investigators listed 
above, are circular and provide little if any information on how heat transfer changes 
with gallery size. Thus, a significant requirement for the rig test section is to provide 
information on how heat transfer varies with gallery size and how it is affected by 
changing the duct hydraulic diameter.
Smith et al have shown that significant increases in heat transfer may be gained by 
applying an angled jet of fluid to the heat transfer surface. Thus, the ability to be able to 
install a jet in the test section is seen to be required.
This chapter discusses the design of the test rig in the light of the previous 
investigations. Elements of the rig and hydraulic circuit are described followed by 
descriptions of the data acquisition system. Calibrations for temperature, flow and 
pressure are described followed by the test procedure itself.
5.2 R e p o r t e d  e x p e r im e n t a l  t h e r m a l  f l o w  b en c h  r ig s  - a  b r ie f  r e v ie w
In order to identify and assess the various coolant, heat transfer regimes and the effects 
that coolant parameters have on these regimes, previous researchers have built and used 
thermal flow bench rigs. These rigs are used to simulate operating engines, but as noted 
in section 3.2 of chapter 3, the materials used and the design of the rig may be 
considered closer to academic conditions than the engine. Some materials, such as cast 
iron, aluminium, coolants and anti-freeze mediums, are those used in conventional 
engines whilst others, copper and distilled water, are not. Other major differences 
include the rectangular versus the circular duct geometries ie. figure 5.1, 
Finlay et al [1987]. There is also the inclusion of actual cylinder head sections, 
figure 5.2, Cipolla [1989]. Which of these geometries actually represents the cooling 
passage of an engine? Some of the small circular duct sections are aimed specifically at 
simulating valve bridges, Cipolla [1989]. Other studies are aimed at valve bridges and
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small precision cooled passages, Finlay et al [1985] and Perry and Anderton [1985], 
respectively.
Pertinent parameters for these experimental rigs are summarised in table 5.1 and 3.1.
The data obtained by these investigators has been predominantly for heat transfer 
characteristics in terms of forced convection and nucleate boiling and most of the later 
rigs are circular.
5.2.1 French [1969 & 1970]
French of Ricardo used a 50.8x25.4 mm (2x1 in) rectangular duct with a test piece 
brazed to a copper bar, where the test pieces were copper, cast iron and cast steel Heat 
in the range of 31.55 to 946.5 kW/m2 (10 000 to 300 000 chu/ft2h) was supplied to the 
copper bar by an electric coil
Coolant velocities of 0.094, 0.244, 0.975 and 4.57 m/s (0.31,0.8,3.2 and 15 ft/s) and 
inlet temperatures of 50, 70 and 90 °C were set, where the coolant is usually distilled 
water. This rig was used extensively to test for thermal barriers. Nucleate boiling is 
observed, but no evidence of the CHF was found.
5.2.2 Smith, Angus and Lamb [1970]
Smith et al of British Cast Iron Research Association (BCIRA) also report using a 
rectangular duct rig. A duct with a flow cross-section of 38.1x38.1 mm (1.5xl.5 in) 
was used with heat supplied through a 63.5x203.2 mm (2.5x8 in) cast-iron plate at 6.35 
mm QA in) thick. Heat fluxes of 60 to 2550 kW/m2 could be applied. Heat was supplied 
to the plate by a 25.4 mm (1 in) diameter graphite cylinder, spring loaded against the 
plate. A high frequency coil surrounded the graphite.
Two flow rates of 2.27 and 7.27 1/min (0.5 and 1.6 gal/min) were used to give 0.027 and 
0.085 m/s (0.09 and 0.28 ft/s) velocity in the test section. The coolant used was distilled 
water with corrosion inhibitor added and the inlet temperature was maintained at 80 °C.
Coolant flow rates could be changed by valves and were measured by orifice meters. A 
thermostatic heater adjusted the inlet temperature of the coolant and water-cooled coil in 
a reservoir. The system pressure could be changed and glass tube thermometers were 
used to measure the fluid temperatures.
Two glass plates at each side of the duct enabled visual inspection of the heated section. 
A thermocouple iron plug measured the heated surface temperature. Unfortunately, the
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plug was connected with leads that had to be passed through the coolant passage 
thereby disturbing the flow regime.
This rig is distinctive in that both parallel and directed or jet flows could be supplied to 
the heated test section. Directed flows were supplied by a 12.7 mm (0.5 in) diameter 
pipe angled at 60 degrees giving 0.305 and 0.975 m/s (1.0 and 3.2 ft/sec) velocity flows. 
The data given in this source is limited unfortunately. Smith et al suggest that an 
inclined jet may reduce the thickness of the boundary layer, inhibit the onset of 
transition or film boiling and help prevent excessive flame face temperatures, 
section 2.3.4.1.
5.2.3 Mercer [1980]
Mercer of National Physical Laboratory (NPL) undertook tests with an oblong duct of 
unspecified dimensions (a 13 mm diameter specimen inserted into a brass heater block 
was used). Due to the low heat fluxes (approximately 5 kW/m2), there was difficulty in 
obtaining nucleate boiling under all coolant velocities in the range 0.15 to 2 m/s. This 
apparatus was used to compare additives in the coolant principally for scale deposition 
and corrosion.
5.2.4 Finlay et al [1985B, 1985C, 1986A & 1987]
A small diameter tubular test rig is used by Finlay et al of National Engineering 
Laboratory (NEL) to show that forced convection, nucleate and transition boiling can be 
detected. Collaborators include Ford and Austin Rover. The Dittus-Boelter Chen 
algorithm is used to compare experimental and predicted data.
A circular copper test section of 6.35 mm diameter by 60 mm long was used in most 
cases, figure 5.1. A 2 kW resistance heater was wound around the outside of the test 
section. Heat fluxes up to 1400 kW/m2 were achieved. In addition, test sections of cast 
iron and aluminium could be used.
The coolant used was a 50% by volume ethylene glycol to water mixture giving flow 
velocities of 0.1 to 5.0 m/s. A heat exchanger and immersion heater in line with the 
coolant circuit maintained an inlet temperature of 85 °C. The system pressure could be 
increased by up to 1 bar above atmospheric by pressurising an expansion chamber. 
Pressure tappings at either end of the test section enabled pressure measurement.
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Most of the tests were undertaken with a constant pressure drop across the test section 
as this is denoted as the operational condition of an engine. Only a few tests were 
undertaken at constant velocity.
Coolant flow velocities of less than 1 m/s give rise to significant nucleate boiling. 
Nucleate boiling suppression is shown to operate at the higher velocities, 3 m/s and 
above. The danger of film boiling leading to component damage and therefore the 
requirement for an understanding of the onset of transition/ film boiling is stressed. 
Transition boiling or “dry-out” is detected at velocities up to 0.7 m/s. The burnout or 
critical heat flux was estimated to have occurred when the wall temperature rise 
exceeded 100 °C. Hence, estimates of the critical heat flux are made.
At high velocities with forced convection, a reduction of system pressure causes little 
difference to the heat flux versus temperature relationship. However, at low velocities 
with nucleate boiling, a reduction in system pressure causes the onset of nucleate 
boiling to occur at a lower temperature. In addition, a lower dry out temperature is 
obtained.
Finlay et al report that the onset of nucleate boiling causes an increase in the resistance 
to coolant flow. The iron and aluminium test pieces appear to cause less vigorous 
boiling phenomena than the copper section. Dry out was observed at lower 
temperatures with the copper section than with the iron and aluminium, but the 
convective and nucleate data was otherwise similar.
5.2,5 Perry and Anderton [1985]
At the Institute of Sound and Vibration Research (ISVR), Perry and Anderton designed 
a circular test section rig to allow for changes in coolant velocity, temperature and 
system pressure. This rig allowed for alternative flow cross-section shapes, different
a
materials, surface finishes and entry conditions. Heat fluxes of up to 1100 kW/m were 
obtainable from eight off 300 W cartridge heaters.
Coolant flow velocities of 1 to 7 m/s and alternative test sections of 2.5, 4, 6 and 8 mm 
diameter were available. The inlet temperature was maintained at 90 °C. System 
pressures up to 2 bar absolute were achievable. The coolant was either a 50% ethylene 
glycol to water antifreeze or water alone.
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5.2.6 Boyle, Finlay, Biddulph and Marshall [1986B & 1991]
In 1986, Boyle et al of NEL & Ford use, in addition to the circular test section rig, a 
rectangular duct of 50x5 mm, width x height, and 100 mm long. Six cartridge heaters 
set in cast aluminium or cast iron blocks heat the test section.
In addition to ethylene glycol, non-aqueous coolants including LP1693, propylene 
glycol, 10W30 oil, and ‘Thermex’ are compared in both circular and rectangular 
thermal flow bench rigs. The coolant inlet was maintained at 90 °C.
The use of non-aqueous coolants is suggested for use in cylinder blocks. The reduced 
thermal effectiveness of these coolants may be used to improve engine warm-up. 
Reducing the thermal effectiveness increases the cylinder wall temperatures, which 
reduces piston friction. Since these coolants are non-aqueous there is no need to 
pressurise the coolant. However, the use of these coolants in regions of high heat 
transfer requires “accurate design of coolant-side surface features and careful 
deployment”.
5.2.7 Cipolla [1989]
Cipolla of Fiat created two unique test sections designed to reproduce the actual 
contours of an IDI cylinder head valve pre-chamber section, figure 5.2. Experiments 
were undertaken to test coolant heat transfer under variations of coolant velocity, inlet 
temperature and pressure.
Cipolla compares experimental engine tests; thermal flow bench tests and analytical 
techniques to study the thermal distribution in the valve bridge. Numerical analysis is 
undertaken for forced convection and boiling.
Row bench tests show that a cross drilling maintains a lower coolant surface 
temperature than a cast cavity provided that; the flow velocity is sufficiently high. 
Should the velocity be reduced such that the mechanism of heat transfer is nucleate 
boiling, then the cast cavity passage maintains a lower coolant surface temperature than 
the cross drilling. Cipolla suggests that this is due to a smooth surface being less 
conducive to nucleate boiling than the rough as-cast surface.
5.2.8 McAssey, Stinson and Gollin [1995]
McAssey et al and Gollin et al [1995] of Villanova University and Arco use a 50% by 
volume ethylene glycol to water mixture as the coolant. Eight cartridge heaters giving
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at total power of 6.9 kW supply a circular test section of 15.875 mm diameter and 165 
mm long. The heat fluxes achieved are 50 to 750 kW/m2.
Velocities are in the range 0.1 to 0.5 m/s. The flow is maintained constant and a turbine 
flow meter is used to measure the flow. A pressurised tank is used to maintain the 
pressure.
The Dittus-Boelter Chen model is studied in the analysis. At low flows, McAssey et al 
report that the Dittus-Boelter Chen model is not as accurate, probably due to the 
modelling of laminar flow as turbulent.
The aluminium test section has five sets of 4 (20) thermocouples to measure 
temperatures in the test section and at the inlet and outlet. Use of the five sets of 
thermocouples along the duct permitted observation of changes in heat flux with any 
change in coolant temperature as it passed along the test section. Also tested is a 50% 
by volume propylene glycol to water coolant.
The ethylene glycol water coolant is found to maintain lower temperatures than the 
propylene glycol water coolant for forced convection conditions. However, for both 
subcooled and saturated boiling the propylene glycol to water coolant maintains lower 
temperatures. There is no suggestion that any of the tests reached the critical heat flux.
5.3 O u t l in e  o f  t h e r m a l  fl o w  ben c h  r ig  d esig n  r e q u ir e m e n t s
In addition to the design requirements given by the preceding investigators, summarised 
in table 5.1 and 3.1, such as variability in coolant velocity or flowrate, inlet temperature 
and system pressure, wall material and surface finish, the following design criteria have 
been included for particular emphasis:
• 1-D heat flows
• Duct section hydraulic diameter adjustment to enable alternative geometrical 
cooling passage dimensions and therefore changes in Reynolds number
• Heat fluxes high enough to attain the critical heat flux
• Ability to accommodate angled jets
• Different coolants
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Heat fluxes
300 to 1000 kW/m2 are typical values for the heat fluxes in Ford diesel cylinder heads, 
section 4.2.1. Most of the previous investigators achieve this range of heat fluxes with 
only Smith et al exceeding it with 2550 kW/m2.
Coolant velocity and duct diameter or flowrate
In addition to the power implications of providing high coolant flowrates, the variation 
of velocity defines whether the flow is laminar or turbulent. High velocities also have 
effects such as boiling suppression. Since nucleate boiling is being studied, low flow 
velocities are chosen. The choice of low flows is also advantageous in trying to attain 
the CHF.
Similarly the choice of duct height affects flowrate and hence power consumption. The 
nature of the coolant passages within a cylinder head varies from tubular ducts through 
rectangular to cavities of irregular shape. There is the requirement for 1-D heat transfer 
boundary conditions more applicable to FE analysis than axi-symmetric boundary 
conditions. The ability to investigate 1-D heat flows is more appropriate in a 
rectangular duct rig. However, a rectangular duct rig with 1-D heat flow does not 
represent the valve bridge cross drillings of the cylinder head as shown in figure 5.2.
Many length to diameter (L/D) ratios of the ducts of preceding experimenters are in the 
order of 10. If the flow is turbulent, the flow or velocity profile is still developing in 
these ducts; L/D needs to be > 10 for developed turbulent flow, section 3.3.2.1. Only 
one of Perry and Anderton’s tubes with an L/D of 20 can be viewed as allowing for 
developed turbulent flow. When viewing either the precision cooling passages of Perry 
and Anderton or the Ford 1.8L IDI engine with as-cast cavity passages, figure 2.5 a and 
b, the passages are short. The transverse arrangement of the Ford 1.8L IDI valve bridge 
coolant passage allows for 50 mm length at 50 to 60 mm high, table 5.2. The cross 
drilling itself is short (L/D=3.75). The flow once inside the cylinder head is presented 
with obstructions such as the inlet and outlet ports etc. These obstructions are unlikely 
to allow the flow to become fully developed.
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Engine Location Width or diameter 
[mm]
Height [mm] Length [mm]










3 to 4 





10 to 50 
50 to 60





Table 5.2 Engine coolant passage dimensions, *Clinker and Hayward [1993] and 
♦♦Lawrence and Evans [1990]
Coolant flowing in the cylinder head cannot be treated as if heated by a constant flux or 
at a constant temperature. The combustion chamber of the Ford 1.8L IDI has a defined 
diameter or “edge” at 82.5 mm, table 5.2. However, it is unlikely that the thermal 
boundary layer starts at some particular point in the cylinder head. It is more likely that 
the thermal boundary layer grows and shrinks as the coolant flows over hot and cold 
parts of the cylinder head.
Engines are being designed for reduced warm up times. Hence, smaller coolant 
volumes and passages are required. The trend is towards shorter and smaller ducts.
The design of the rig should be able to allow for developing hydrodynamic and thermal 
flows. More discussion on developing boundary layers takes place in chapter 6. 
Changes to the velocity and duct diameter are effected in changes to the Reynolds 
number, section 3.3.
Inlet temperature
Changes to the inlet temperature must be allowed for, as the temperature affects fuel 
consumption, sections 1.2 and 2.3. Changes to the temperature are effected in changes 
to the Reynolds, Prandtl and Nusselt number in terms of forced convection and boiling, 
section 3.3. The inlet temperature also affects the level of the CHF.
System pressure
Changes to the system pressure must be allowed for as the pressure affects boiling, 
section 3.3. Changes to the pressure are effected in changes to the bubble Reynolds and 
Nusselt numbers in terms of boiling, section 3.3. The inlet temperature also affects the 
level of the CHF.
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A number of the investigators in table 5.1 and 3.1 have observed the CHF, but only 
Finlay et al [1987] provide data for the CHF. Perhaps significantly, early investigators 
were using distilled water and large diameter ducts. It may not therefore be surprising 
that there is no evidence of the CHF, since the heat transfer potential of distilled water is 
greater than that of the antifreeze, Finlay et aL With investigators, such as Finlay et al 
and Perry and Anderton [1985], using small diameter ducts with the antifreeze, the CHF 
is detected. In a few rigs only, Finlay et al and Perry and Anderton, the duct diameter 
was changed but comparisons of data at the different diameters are not evident. Hence, 
the requirement for an adjustable duct height is seen to be significant.
The use of an angled jet by Smith et al [1970] for its apparent superior heat transfer 
capability over that of the usual parallel flow for the nucleate regime is also regarded as 
significant. In view of the low values of CHF achieved by Finlay et al, the suggestion 
by Smith et al, that an angled jet may inhibit the CHF is also regarded as significant. 
This has led to the requirement for a rig to accommodate an angled jet. The rectangular 
duct with adjustable height allows accommodation for angled jets
5.4 D e s c r ip t io n  o f  r ig
5.4.1 Test section
A rectangular duct rig, 10 mm (nominal) width x 50 mm height x 50 mm heated length, 
has been designed to obtain experimental data similar to the previous investigators but 
concentrating on the nucleate and CHF regions, figure 5.3. The coolant parameters or 
variables, similar to previous investigators, are coolant velocity, inlet temperature and 
system pressure.
The flow velocity range of 0.1 to 2 m/s is in the low range for engines and other 
investigators, 1 to 6 m/s, section 3.4.1 and table 5.1 and 3.1. A 50% by volume 
ethylene glycol with additives (Motocraft Super plus 4 EXC 401H) to water antifreeze 
is used as the coolant.
The heated width of 10 mm is large compared to the width of a valve bridge, 4 mm for 
the Ford 1.8L IDI, table 5.2. However, a smaller width would make it difficult to 
accommodate the thermocouples without disturbing the heat fluxes. The heated length 
of 50 mm represents 0.6 of the Ford 1.8L EDI bore diameter or 1.2 times the bore radius. 
The maximum height accommodates the height of the valve bridge duct in the Ford 
1.8L IDI and is viewed as the limit. The rig is designed to accommodate changes in
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hydraulic diameter by using an insert piece, which can be set at different heights 2.5, 5, 
10, and 20 mm. The lowest height, 2.5 mm, gives a hydraulic diameter of 4.1 mm, 
which is smaller than that of Finlay et al
An unheated entry length of 100 mm allows for some development of the hydrodynamic 
boundary layer before reaching the heated section. The inlet to the rectangular test 
section is circular and smaller than the duct height, figure 5.3. A gauze at the inlet to 
the unheated entry length is installed to help disperse any jet from the circular inlet. 
The gauze and unheated entry length attempt to provide a flow that is more uniform 
over the cross section (width x height) of the test section than that without the gauze.
The use of a “high” test section allows for the accommodation of an angled jet.
The rig has the visually useful, but not essential, feature of glass panels on either side of 
the duct to enable viewing of the heated surface and therefore visual confirmation of 
boiling. The glass panels also provide a higher heat resistance compared with copper, 
aluminium and coolant. The test section is designed from one piece of material to 
reduce potential leakage problems.
5.4.2 Heater block and test piece
The surface between metal and coolant has been designed to be as small as possible, to 
allow for high heat flux densities. Hence, copper is also chosen as the heat flux, for its 
high conductivity. The surface of the copper is smooth. Aluminium alloy A319 test 
pieces, both smooth and as cast, are also included for testing.
Finlay et al have suggested that copper causes more vigorous boiling and dry-out at 
lower temperatures than cast iron or aluminium. Hence, using copper is likely to obtain 
more conservative data than for other materials.
Cartridge heaters have been chosen for their availability from stock and are therefore 
easy to install and quick to replace. Four off 400W cartridge heaters give a theoretical 
maximum heat flux density of 3200 kW/m at the coolant interface provided there are 
no heat losses to the rig frame and ambient air. The range of experimental heat fluxes 
obtained is 100 to 1700 kW/m2.
A block and funnel assembly is chosen to allow for substitution of different metals and 
surface finishes at the coolant interface. The copper block and heat funnel are insulated 
as much as possible. If the gaskets are assumed to be adiabatic, the heat flow to the 
coolant is one-dimensional. The funnel is “L” shaped to allow for location of the
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clamping bolt underneath. In addition, the cartridge heaters are not located directly 
underneath the flow section. Hence, leakages from the test section do not drip directly 
onto the cartridges.
The finite element software, ANSYS, was used to analyse the thermal performance of 
the heater funnel and block, Simpkin [1996] and Swingedouw [1996]. Concerns 
included the achievement of one-dimensional heat flow and the overheating of the 
cartridges without achieving the required surface temperature at the coolant interface. 
The thermal analyses increased confidence in the design of the rig.
5.4.3 Heater power pack
The cartridge heater power pack is designed to supply variable mains AC. AC is 
supplied to the cartridges in timed pulses. The power to the cartridges can be increased 
by increasing the length of these time pulses, Prest [1996]. The cartridges are supplied 
in 2 pairs and can therefore be controlled separately using a 0-1OV DC input. In open 
loop control, the heat flux to the coolant is approximately proportional to the input 
voltage and therefore the rig is under heat flux control. It is envisaged that by including 
a temperature feedback loop from a coolant surface thermocouple, the rig can be surface 
temperature controlled, thus providing access to both parts of the transition heat transfer 
regime if necessary.
5.4.4 Hydraulic flow circuit
The hydraulic coolant flow circuit, figure 5.4, is designed to allow variation in coolant 
flowrate (velocity), inlet temperature and pressure. Using manual control of the test 
section loop and bypass loop valves, flowrate through the test section can be varied. 
The availability of a large reservoir (60 litres) with integral immersion heaters and 
temperature controller enables control of the inlet temperature. This large volume has 
advantages for temperature stability but requires lengthy warm-up times. Manual 
management of the pressure relief valve in combination of the flow valves allows for 
adjustment of the system pressure. The range of coolant parameters is summarised in 
table 5.3.
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a 10 mm is the nominal width. The actual width is 11.7 mm including compressed gaskets 
b L is the heated length of 50 mm
c L includes the heated length and the unheated entry length of 100 mm 
d EG: Ethylene Glycol with additives (Motocraft Super plus 4 EXC 401H)
Table 5.3 Thermal flow bench rig coolant parameter ranges
Due to limitations in the operation of the cooler, the minimum coolant temperature 
obtainable at the inlet of the test section is 40 °C.
5.5 I n s t r u m e n t a t io n  and  data  a c q u isit io n
5.5.1 Temperature measurement
The heater block funnel has locations for 3 pairs of T type thermocouples. The 
accuracy of these class 1 thermocouples is ±1.0 °C in the range 0-300 °C. The 
measured metal temperatures lead to calculations of the heat flux through the wall 
material, which is described in detail in section 6.1.2 of the next chapter. The 
thermocouple pairs, labelled A/B, C/D and E/F are located near the leading, middle and 
trailing edge of the heated surface, figure 5.3. One thermocouple in each pair is located 
1.15 mm from the surface and the other at 11.15 mm from the surface. Exposed 
junction thermocouples were initially chosen for their quick response and low cost. 
However, problems with installation and insulation breakdown resulted in sheathed 
junction class 2 type thermocouples being used for their greater robustness.
The heater block temperature is measured by a single class A Platinum Resistance 
Thermistor (PRT) with ±0.55 °C accuracy. A T type thermocouple is also located at 
each end of the test section to measure both the inlet and exit temperature. Hence, the 
increase in the bulk coolant temperature as it passes through the test section is 
measured.
The thermocouples are calibrated as described in section 5.6.1 subsequently.
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5.5.2 Pressure measurement
Two pressure transducers, range 0 to 3.5 bar (accuracy ±2.6%), are arranged at each end 
of the test section. The system pressure can be measured together with any reduction in 
pressure across the test section. The calibration and signal conditioning is arranged 
such that 0 to 2 bar gives 0-10 volts output. The arrangement of the transducers meant 
that the section pressure drop included that of the gauzes at each end of the section. 
However, it is preferable to record the pressures at either side of the heated section 
without the gauzes.
The pressure transducers are calibrated as described in section 5.6.2.
5.5.3 Flow measurement and coolant velocity calculations
The coolant velocities, holding most interest are seen to be at the low end of the range 
for both small and large diameter ducts. There is the requirement for two flow meters, 
with electronic output, to cover the full flow range:
a) Small flow turbine, range 1 to 9 1/min (manufacturers accuracy 2%),
b) Large turbine, range 6 to 6 0 1/min (manufacturers accuracy 1 %).
The flow is measured upstream of the test section. Location of the turbines at the test
section exit is discounted due to the possibility of vapour mixed with liquid at the exit.
The square wave signal, obtained from the rotation of turbine blades, is conditioned to 
give an analogue signal output of 0 to 10 volts.
Both turbines have been calibrated with a calibrated volume and timer. Having 
measured the flowrate, Q, the coolant velocity, C/, is inferred from the test section cross- 
sectional area, A, and continuity, equation 5.1.
U = Q -............................................................................................................................5.1
A
The turbine flow meters are calibrated as described in section 5.6.3.
5.6 C a l ib r a t io n
5.6.1 Temperature
Temperature calibration is undertaken using a Jupiter 650 dry block calibrator, range 50 
to 650 °C. This piece of equipment carries a Northern Temperature Primary Laboratory 
(NTPL) calibration certificate issued by Isothermal Technology Ltd. More importantly,
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a Digitron digital temperature indicator and PtlOO probe with NAMAS calibration 
certification has been used alongside the dry block calibrator. The maximum error of 
the Digitron probe is -1 °C at 260 °C as certified by NAMAS.
Thermocouples used in the rig are placed in the dry block calibrator where steady-state 
temperature readings from the data acquisition system are compared against both the 
dry block set temperature and the NAMAS certified reader and probe. Hence, the 
complete data acquisition system, including thermocouple, electronics and software is 
calibrated at a number of set temperatures.
The data acquisition system indicated temperature versus the NAMAS certified 
temperature for a set of test piece thermocouples, C to F, together with inlet (Tinl) and 
outlet (Tout) temperatures are shown in figure 5.5. In addition, the ascending and 
descending temperature hysteresis loop is shown. The temperature acquisition system 
“saturates” at 264 °C. The cause of the saturation is believed to be the value of resistors 
used in the thermocouple electronic conditioning card. The exact values of 
temperatures higher than 264 °C are not required, only that a temperature higher than 
264 °C has been achieved. However, these resistors can be rectified as necessary.
The maximum error recorded over the range 50 to 250 °C is within -2.5 °C at 250 °C. 
Most data is consistently within -1.5 °C. Since the experimental heat flux is calculated 
from temperature differences, this error is further reduced. The uncertainty in 
temperature is assumed to be 1.5/2 or ±0.75 °C.
5.6.2 Pressure
The indicated versus actual pressure for both inlet and outlet pressure gauges is shown 
in figure 5.6. The hysteresis loop for ascending and descending pressure is also shown. 
Generally, the gauges over indicate by no more than 0.08 bar (8 kPa). Hence, the 
uncertainty for each pressure gauge including ascending and descending pressures is 
assumed to be ±0.04 bar (4 kPa). Since the gauges over indicate, the uncertainty in the 
pressure differential is assumed to be 0.04/2=0.02 bar (2 kPa).
5.6.3 Flow (velocity)
Indicated versus actual flow is shown in figure 5.7 for:
a) The low flow turbine, 1 to 9 1/min, and
b) The large flow turbine, 6-601/min.
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The limits of the calibrated volume and timer were reached for the large turbine at 
141/min.
Errors in low flows are within the range -0.2 to 0.2 1/min. Given this flow error range 
and one of the smaller ducts tested (5 mm high), a maximum velocity error of ±0.05 m/s 
results.
5.7 T e st  p r o c e d u r e
The test procedure is governed, to some extent, by the data acquisition hardware and 
control software.
5.7.1 Data acquisition instrumentation and software
A 7-channel A/D card conditions signals from the thermocouples and PRT. The PRT 
measurement of the block temperature, together with the coolant inlet and outlet 
temperatures, are recorded. The remaining four channels are used to record two pairs of 
thermocouples in the heater funnel leaving a pair of thermocouples unrecorded. The 
choice of the redundant pair of thermocouples is detailed in section 6.1.2 of the 
following chapter. Temperature signals together with the two pressures and flowrates 
are recorded and saved by an IBM compatible computer.
The data acquisition software is built as a user defined program using a modular 
structure, all of which is defined using DTVEE by Hewlett Packard. The voltages are 
processed by the software to produce the required temperature in °C, pressures in bar 
and flowrate in 1/min.
Two DTVEE programs are used to acquire data:
a) A continual recording program for which records are taken approximately every 
second (1 Hz). The data from this program can be plotted graphically.
b) A proportional, integral and differential (PID) control program for which records 
are taken approximately every 0.5 seconds (2 Hz).
When using program a) under changing heat flux conditions, large amounts of data can 
be logged. This data then has to be processed to extract the steady state from the 
transient data. Alternatively, the data recording can be manually controlled. A more 
efficient test method is to use the PED program b) to expedite the testing programme.
A PID program is used to control the block temperature and acquire data. The block 
temperature is held at a required value, the set point, for a minimum time, known as the
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hold time. Once the block temperature has been held within a certain tolerance, data 
recording is triggered. Having recorded the data, another set point can pursued.
The PID program reduces the time taken between set points. The set points can be 
chosen to provide high or low densities of data where required. Data is collected 
automatically. The rig operator is able to concentrate on the manual control of the flows 
and pressures.
The thermal lag for the system (of the first order) was measured at approximately 
20 minutes. The conventional test, using DTVEE program a), to acquire data for a four 
point curve takes at least 1 Vi hours. The DTVEE PID program enables a 14 point map 
to be taken in 1 Vi hours.
The tolerance of the block temperature is ±1.0 °C. Should the block temperature 
fluctuate outside this tolerance, the hold time clock resets to zero and the count down 
restarts. Hence, in many cases, data is collected after a period longer than the hold time. 
The length of the hold time is subject to testing as described subsequently.
5.7.1.1 Block temperature hold time for steady state evaluation
Tests were undertaken to observe the effect of the length of the hold time. A fast time, 
but long enough to achieve the steady state could then be chosen. Four sets of data 
were taken with 0, 1, 2 and 4 minutes hold time. With the exception of a small region, 
three hold times, 1, 2 and 4 minutes, are super-positional. Data at zero minutes is 
rejected as being transient. For all subsequent data recordings, 2 minutes is chosen as a 
conservative hold time necessary to achieve steady state conditions.
5.7.2 Test conditions matrix
In order to complete tests under as many of the four coolant parameters as possible, a 
test matrix was devised, table 5.4. Tests are “batched” together under each test section 
diameter, in phases A to G, as a change in diameter requires a rig rebuild. Each phase 
therefore represents a batch of tests between rebuilds.
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[m/s]
Pressure at [bar] 
exit
Velocity 2.00.1 0.5 1.00.25









Data in bold represents default conditions
Table 5.4 Experimental test matrix
Establishing a required coolant flowrate (velocity) at an inlet temperature and system 
pressure starts a test. The PID program is loaded with a series of ascending block 
temperatures usually from 140 °C to 380 °C, ascending in 20 °C increments. 2 or 3 
descending increments of 50 °C are also loaded. Once at the peak block temperature, 
the descending increments allow the heater funnel and block to cool This process 
enables a hysteresis curve to be recorded.
Phase A, of the test series, represents an “old” fluid that had been in the rig for 14 
months and a surface, which had not been cleaned for that period. A more rigorous 
cleaning and flushing procedure was then instituted on subsequent rig rebuilds, with a 
new fluid for phases B to G. The coolant surface was also rigorously cleaned on rig 
rebuild, between phase A and B.
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Figure 5.2 Non symmetrical thermal flow bench ducts for valve-bridge cooling, 
Cipolla [1989]
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Figure 5.3 Schematic of thermal flow bench rig
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(See figure 5 . 3
Figure 5.4 Test rig hydraulic circuit
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Figure 5.5 Data acquisition system indicated temperature versus certified 
(NAMAS) temperature for thermocouples C to F and Tinj and Tout*
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Figure 5.6 Data acquisition system indicated pressure versus actual pressure for 
both inlet and outlet pressure gauges.
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b) High flow turbine, 6 to 601/min.
Figure 5.7 Data acquisition system indicated flow versus actual flow for a) low 
flow turbine, 1 to 9 I/min and b) high flow turbine, 6 to 60 1/min. '
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6 E x p e r im e n ta l r e s u lt s
6.1 Introduction





In addition, experimental results are presented for the following:
• Specific experimental CHF results
• Test section pressure drops
• Ageing, repeatability and hysteresis
Having documented the development of the rig in the previous chapter, experimental 
results for coolant heat transfer are subsequently presented and discussed. These heat 
transfer results take the form of heat flux density, heat transfer coefficient and bubble or 
boiling Reynolds numbers. Changes in these heat transfer quantities are shown versus 
the coolant parameters; velocity, duct hydraulic diameter, inlet temperature and system 
pressure. Occurrences of the CHF are also shown in these data sets. Test section 
pressure drops achieved up to and including the CHF are also presented.
Prior to the main discussions of this chapter, explanations on the methods of data 
processing and presentation are given. This chapter also presents and discusses aspects 
of ageing, repeatability and hysteresis.
6.2 Experimental data -  Acquiring, processing and presentation
6.2.1 Experimental matrix and test conditions
The materials used as the test piece are copper and aluminium alloy 319T6. The surface 
finish for copper is smooth and the surface finishes for the as-cast aluminium alloy is 
smooth or rough, table 6.1. The measurement of the arithmetic roughness average, Ra, 
was carried out at the University using a Form Talysurf, Leathard [1998].
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Material Class Ra hrm]
Copper Smooth 0.43
Aluminium alloy A319T6 Smooth 0.33
Aluminium alloy A319T6 Rough 9.1
Table 6.1 Material surface classification, Leathard [1998]
The arithmetic roughness average is a measure of the average deviation in surface 
height from a mean level.
The coolant, used in all cases, is an anti-freeze of 50% by volume ethylene glycol to 
distilled water. Distilled water is used in preference to the normal engine coolant 
ingredient, tap water, since the local tap water is “hard” and contains impurities likely to 
lead to rig contamination and reductions in experimental repeatability. Changes to the 
coolant composition are not attempted.
Data has been taken at the test conditions shown in table 6.2.
Coolant velocity [m/s] 0.1 0.25 0.5 1.0 2.0











1 0 x10 40-44
( 1 -1) (1 -1)10x50 40-44
2 e# (1 .1)
Additional notes:
Each number represents the number of tests at a particular condition, except for numbers in 
round brackets (), which denote the actual pressure of the test.
a) 4 timing runs plus 1 with suspect thermocouple insulation.
b) 4 Repeatability tests plus 1 at 85 °C.
c) 1 with suspect thermocouple insulation
d) 1 with suspect results.
e) 1 at 1.2 bar
#) CHF encountered.
Table 6.2 Test conditions for a 50% by vol. ethylene glycol (Motocraft Super 
plus 4 EXC 401H) to distilled water coolant and smooth copper 
material and surface finish.
Shaded areas in the matrix denote test conditions that were not experimentally possible 
due to limitations in the pump capacity and rig design, or limitations in the flow 
measuring instrumentation.
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The minimum inlet temperature is given as 40-44 °C due to the inadequacy of the 
system cooler. Some tests start at an inlet temperature of 40 °C and finish at 44 °C, due 
to temperature and time creep. Ideally, 30 °C would have given a greater test range.
Testing at atmospheric pressure proved to be difficult under certain conditions. The 
combined operation of the pressure control valve together with the two flow control 
valves resulted in minimal pressures above atmospheric pressure. Hence, the actual 
pressure tested is shown in round brackets rather than the ideal in table 6.2.
In order to expedite the test programme the test conditions at 1 m/s and 60 °C were 
ignored in favour of the range extremes.
Values for the coolant parameters considered as the default or baseline conditions are 
shown in table 6.3.
Parameter
Coolant velocity [m/s] 0.25
Hydraulic diameter [mm] 7.0 (10x5) 
Inlet temperature [°C] 90
System pressure [bar]_____________ 2
Table 6.3 Default values for coolant parameters
6.2.2 Experimental data processing and presentation
The experimental heat flux density, q y, passing through the metal test piece is 
calculated using Fourier's law for steady-state one-dimensional conduction, 
equation 6.1, Incropera and DeWitt [1990].
q ' = -k
{ d y
6.1
The flux is a function of the metal test piece conductivity, km, and the temperature 
gradient between thermocouple measurements, dT/dy. Under steady state conditions, 
where the temperature gradient is linear, the gradient may be expressed as the measured 
temperature difference between a pair of thermocouples (labelled C and D, figure 6.1, 
or E and F) and the distance between them. The thermocouple station CD is denoted as 
the mid-section station, where the distance from the heated section leading edge, x, to 
the heated length, L, ratio is x/L = 0.5. The end-section or trailing edge station is EF 
with a distance to length ratio of x/L -  0.9. The conductivity for each test piece material 
used is given in table 6.4:
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Test piece material Conductivity
[W/mK]
Copper 381 Juvinall & Marshek [1991]
386 Holman [1994]
Aluminium A319 145 Clinker and Hayward [1993]
Table 6.4 Conductivity of test piece material
Fourier's law is also used to extrapolate the temperature gradient to the surface to 
calculate the temperature at the wall surface.
In conditions of forced convection, the thermal boundary layer has zero thickness at the 
leading edge, close to station AB, and grows until at station EF the thermal boundary 
layer is most developed. The hydrodynamic or velocity boundary layer is assumed to 
start 100 mm upstream of the heated section, and is therefore already developing at the 
start of the heated section, section 5.4. At the leading edge, with the thermal boundary 
layer at zero thickness, the heat transfer coefficient is very large, Incropera and 
DeWitt [1990]. If both the velocity and the thermal boundary layer are still developing 
at the trailing edge, station EF, the heat transfer coefficient at this point is different to 
that at the mid section, CD. This difference depends on whether the flow is laminar or 
turbulent. If however both the velocity and thermal boundary layers have already 
developed at the mid-station CD, the fluxes at mid station CD and trailing station EF 
will be equal These preceding theories apply to convection and under conditions of 
boiling, the growing and detaching bubbles are very likely to significantly to disturb 
both the velocity and thermal boundary layers.
The calculated flux density versus surface temperature at both mid and trailing stations, 
CD and EF, for a test at 2 m/s coolant velocity is shown in figure 6.2. The vertical line 
at Tw ~ 130 °C represents the surface at the saturation temperature. Thus, points to the 
left of this line are considered to be in the convective regime only. Points to the right of 
the line are in the forced convection plus nucleate boiling or flow boiling regime. The 
flux at mid-station CD appears to be very similar to the flux at trailing station EF over 
both the convection and flow boiling regimes. It would therefore appear that for this 
test, the velocity and thermal boundary layers have already developed at the mid­
station CD.
Hysteresis is shown in figure 6.2, where there are two curves for the same set of data. 
The curve for ascending heat flux is denoted by the greater number or density of data 
points. The fewer number of points denotes the descending heat flux curve. Hysteresis 
is discussed further in section 6.8.
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Figure 6.3a shows the calculated flux density at both mid station, CD, and trailing edge 
station, EF, for two repeat tests, A20 and D04, at the same operating condition. The 
flux at station CD is greater than the flux at EF for test A20. However, the flux at CD 
for test D04 is just less than the flux at EF indicating that for test D04, there is little to 
chose between the fluxes at the two stations CD and EF. The difference, where it exists, 
is predominately in the nucleate section. The average flux for both stations CD and EF 
can be calculated, where figure 6.2b shows the average flux for the repeat tests, A20 
and D04. The difference is small and within experimental error. The heat flux error 
band calculated from an uncertainty analysis is also shown in figure 6.3b and is 
described in section 6.1.3.
For another set of three repeat tests, A14, D01 and F02, the flux at mid-station CD is 
again both above (A14) and below (F02) the flux at the trailing edge, EF, figure 6.4a. 
Hence, there is no consistency in whether the flux is greater at the mid-section to that at 
the trailing edge. This lack of consistency may be due to a breakdown in the 
assumption of one dimensional heat transfer. For this assumption to hold, the heat flux 
passing through the metal between the thermocouples at E and F would have to pass 
into the coolant at the surface above E, figure 6.1. Suppose some heat is diverted from 
F to C rather than E, due to the temperature differential (215 to 180 °C), where the 
thermocouple point temperature profile is shown in square brackets in figure 6.1. A 
safer assumption is to assume that the flux passing through the plane through B, D and 
F passes through the plane A, C and D and on into the coolant Le. the flux through the 
metal test piece is represented by an average value.
The limited number of channels on the data acquisition equipment dictated that some 
temperature measurements could not be recorded. Since the development of the thermal 
boundary layer, whether convective or boiling, starts at the heated section leading edge, 
and the resulting heat transfer is therefore highest at station AB, any average that 
includes this station will be non-conservative. A more conservative average is obtained 
by using data from stations at CD and EF and not recording the data at AB.
The following criteria for defining the typical heat flux density is devised:
• The typical heat flux is the mean of fluxes at CD and EF providing that the 
difference between these two fluxes does not exceed 25%. Data that exceeds this 
percentage, for example due to slippage or misalignment of a thermocouple, is 
discarded.
Nucleate Boiling in Engine Cooling and Temperature Control 6-5
Experimental results
Using the preceding criteria provides an integrity check between the two stations, CD 
and EF. The data shown in figure 6.4a is averaged using the preceding criteria and is 
shown in figure 6.4b, where ail data points for test A14 and some points of tests D01 
and F02 have been discarded.
Fluxes at CD and EF are compared against the mean for all copper data in section 6.9.
6.2.3 Uncertainty analysis
The uncertainty of any result may be given as a function of the sum of the uncertainties 
of each independent variable, Holman [1994]. Thus the uncertainty in the heat flux, wq, 
calculated using Fourier law, equation 6.1, is defined in the following equation:
dk Wt
f  \ 2
+
dAT W&T




The derivative of the heat flux with respect to each independent variable is:
dq” _ AT 
dk Ax






The uncertainty in the metal thermal conductivity, w*, is ±5 W/m K, table 6.4, the 
uncertainty in the temperature difference, w^r, is ±0.75 °C, section 5.6.1, and the 
uncertainty in the distance between thermocouples, wa*, is ±0.5 mm.
The uncertainty in the heat flux, calculated using this method are shown as vertical bars 
in figure 6.3b. The uncertainty ranges from 29 kW/m2 (1st and only point in the 
convective regime) to 92 kW/m2 at the maximum flow boiling heat flux. This is 
represented by 35 % for the convective point to 5 % for the maximum flow boiling 
point respectively. The average or mean uncertainty of all points is 57 kW/m2 (9 %) at 
a standard deviation of 20 kW/m2 (7 %). The corresponding average uncertainty in the 
calculated heat transfer coefficient is 821 W/m2 K (9 %).
6.2.4 Convection data processing
It is assumed that the heat flux density passing through the metal test piece is equal to 
the heat flux, q"  for convection, which is given by Newton’s law of cooling:
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q’ = h(Tw-T„) 6.3
Where h is the heat transfer coefficient (HTC), Tw is the wall surface temperature and 
Too is the free stream fluid temperature for external flow or flat plates. T~ is the bulk 
fluid temperature for internal flow in tubes and ducts.
For all experimental data points where the calculated wall temperature Tw is below the 
saturation temperature Tsat, the calculated flux density is assumed to be due to 
convection only. (These values are calculated from Fourier’s law as described above.) 
The experimental convective HTC, h COn v , is calculated from Newton's law of cooling, 
equation 6.3, given the calculated flux density and wall temperature and the calculated 
bulk temperature. The bulk temperature is calculated from the experimental values 
measured at the test section inlet Tm  and outlet Tout and assumed to vary linearly from 
inlet to outlet, Incropera and DeWitt [1990], thus:
The experimental temperature rise of the bulk fluid is more significant in the nucleate 
regime by reaching 10 to 14 °C, figure 6.5a. The corresponding flux densities that 
produced this temperature rise are shown in figures 6.3 a and b.
The heat flux passing through the metal test piece is assumed to equate to the flux 
passing into the coolant. A thermal energy balance may be used to test this assumption. 
The equation for the thermal energy absorbed by the coolant is given by equation 6.5, 
Incropera and DeWitt [1990]:
q is the heat transfer rate in W, m is the coolant mass flow rate. A comparison of the 
heat transfer rate through the metal compared to the energy absorbed by the coolant is 
shown in figure 6.5b, where most of the data lies between 0.8 and 1.0. This energy 
balance is approximate due to the location of the outlet thermocouple, which may 
record a local fluid temperature rather than the bulk outlet temperature. The values for 
the temperatures at inlet, outlet and the difference between the two are also required to 
be above experimental error for the data to be sensible.
6.4
q = mcp(Tml-T M) 6.5
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6.2.5 Nucleate data processing
Heat transfer, under conditions of flow boiling, has been approached as the addition or 
superposition of the flux due to pool boiling on the flux due to forced convection, 
Rohsenow and Choi [1961] and Chen [1966], section 3.3.3.
For all experimental data points where the wall temperature Tw is above the saturation 
temperature Tsat, the flux density is assumed to be due to convection plus nucleate 
boiling Le. flow boiling.
The convective flux is extrapolated into the nucleate regime by using Newton's law of 
cooling, equation 6.3, and figure 6.5c. The convective HTC (hconv) is calculated from 
pure convection data only and extrapolated into the nucleate regime, (Rohsenow and 
Choi assume the convective flux is calculated from Dittus Boelter). The convective 
flux is extracted from the total flux to give the nucleate flux, equation 6.6 and 
figure 6.5d.
Qnucl total Qconv .....................               6 . 6
The nucleate heat transfer coefficient (hnuci) can then be calculated from the nucleate 
flux density and the difference between the wall and saturation temperatures, (Tw-TsaI), 
also known as the wall superheat,
An example of the nucleate heat transfer coefficient versus wall superheat is given in 
figure 6.5e.
The superpositional heat fluxes, equation 6.6, can be rearranged and rewritten in terms 
of heat transfer coefficients, where the total heat flux can be represented by a combined 
heat transfer coefficient, hCOmb, and wall to bulk fluid temperature differential:
At negative wall superheats where the nucleate heat transfer coefficient is zero, the 
combined heat transfer coefficient becomes the convective heat transfer coefficient. An
6.7
Komb(Tw ~ T .)= h com(Tw-T_)+  hm l(Tw - ) 6.8
Rearranging to get the combined heat transfer coefficient alone:
conv 6.9
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example of the combined heat transfer coefficient versus the wall superheat Tw-Tsat is 
shown in figure 6.5f.
Before the non-dimensional numbers associated with nucleate boiling can be discussed, 
the coolant fluid properties need to be reviewed.
6.2.6 Fluid properties values and variations with temperature
The following section describes the variation with temperature in the following fluid 
properties for the 50% by volume antifreeze mixture:
Conductivity (thermal), ki, figure 6.6a
Liquid density, p/, figure 6.6b and vapour density fh at saturation, figure 6.6c
Latent heat of vaporisation, hh, figure 6.6d
Specific heat, cp, figure 6.6e
Surface tension, <x, figure 6.6f
Viscosity (dynamic), /i, figure 6.6g
For each graph, data for water (and pure ethylene glycol where available) is also plotted 
for comparison. 50% by volume of ethylene glycol to water = 52.73% by weight. In 
some cases, data for 50% by weight may be shown as the nearest available data. Where 
data does not exist for the 50% antifreeze, Le. vapour density, latent heat of vaporisation 
and surface tension, values for water only have been assumed. This assumption is 
justified since water is the more volatile of the two components, water and ethylene 
glycoL Water may therefore be assumed to be the dominant component in the vapour. 
Ethylene glycol property data has been acquired from Union Carbide [1991].
The largest change in a property with temperature is viscosity with a 94% decrease as 
the temperature increases. The temperature change in viscosity influences the Prandtl 
number, figure 6.6h, and Reynolds number. The change in Prandtl number between 100 
and 140 °C is not large however. Large changes in vapour density with temperature are 
also to be observed but influence boiling only.
The variation of each property with temperature may be described by a polynomial, 
equation 6.10, where T is the temperature in °C:
Property = H x (a  + BT + CT2 + D T3 + ET‘ + FT5 +GT6) ......................................6.10
Where each coefficient is given in table 6.5:
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A B C D E F ' G H
ki 0.23951 8.98E-05 -1.30E-06 0 0 0 0 1.731
Pi 1.08E+03 -5.07E-01 -1.47E-03 0 0 0 0 1
Pv -6.41 E-02 1.16E-02 -2.53E-04 1.95E-06 0 0 0 1
h,v 2.51 E+06 -2.58E+03 0 0 0 0 0 1
Cp 0.81485 7.32E-04 0 0 0 0 0 1
o 7.57E-02 -1.46E-04 -2.31 E-07 0 0 0 0 4186.8
\t 8.65E-03 -3.71 E-04 8.99E-06 -1.27E-07 1.02E-09 -4.20E-12 6.93E-15 1
Table 6.5 Coefficients for fluid and vapour property calculations
The variation in vapour pressure with temperature for the 50% mixture is observed in 
figure 6.61 Conversely, this data may also be observed as the variation of saturation 
temperature with pressure, figure 6.6j.
• In the following discussions, the fluid properties for the 50% mixture are 
evaluated at the film temperature ie. the mean of the wall and bulk fluid 
temperature unless otherwise detailed, section 3.3.2.
6.2.7 Nucleate boiling non-dimensional number data processing
Given the calculated nucleate heat flux density, equation 6.6 and shown in figure 6.5d, 
and the liquid and vapour properties, both the bubble diameter, and bubble velocity, 
Vb, can be calculated. These quantities are calculated as they appear in the Rohsenow 
equations 3.27 to 3.31 in chapter 3.
The bubble diameter versus wall superheat is shown in figure 6.7a. The bubble 
diameter is roughly constant and is within the range, 1 to 2.5 mm, quoted for boiling 
water at atmospheric pressure by Collier and Thome [1994]. However, these 
dimensions should not be regarded as exact. If the bubble diameter is calculated as 
Fritz intended, equation 3.19, the diameters in figure 6.7a should be factored by the 
surface contact angle coefficient Qj8. However, experimental data for this product at 
different temperatures is not known. Since the bubble diameter is defined in terms of 
the surface tension and the liquid to vapour density differential, it will not be influenced 
by coolant velocity or duct diameter.
The bubble velocity versus wall superheat is shown in figure 6.7b. This figure indicates 
that the velocity of vapour leaving the surface is in the order of 0 to 0.4 m/s ie. the 
same order as the flow of fluid in the duct.
Further processing of these quantities gives the Rohsenow non-dimensional flux density 
or bubble Reynolds number (Re*), equation 3.27, in terms of the non-dimensional wall 
superheat or Jakob number and Prandtl number, figure 6.7c. A trend line correlation
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through the experimental data and based on the Rohsenow equation, equation 3.30, is 




This correlation has an exponent of 1.7 and the coefficient is 21497. The square of the 
correlation coefficient for this equation is 0.98. The coefficient 21497, if compared to 
the Rohsenow fluid surface coefficient, equation 3.31, Le. (1/Q )3, renders a value of Csf 
as 0.036.
Rohsenow defines the correlation with an exponent of 3, section 3.3.3.1. The 
Rohsenow surface-fluid coefficient, CSf, is devised as 0.013 for a copper-water 
combination. However, a value, 0.0068, for a scored copper-water surface is more 
appropriate to the present rig, Incropera and DeWitt [1990]. This correlation is also 
shown in figure 6.7c.
Rohsenow based his correlation on the data of Addoms (1948). The Addoms data is 
based on pool boiling of a heated platinum wire of 0.61 mm diameter (0.024 in) in 
distilled water over a wide pressure range 1 to 170 bar (14.7 to 2465 psia). Hence, the 
present use of a binary mixture under flow boiling at low absolute pressures may 
account for the differences in the correlation coefficient and exponent. This will be 
discussed further in the following sections.
6.3 C o o l a n t  v e l o c it y  (f l o w r a t e )
Figures 6.8a to f show experimental heat transfer data at the following conditions: 
copper test piece, 10x5 duct, 90 °C inlet temperature and 2 bar exit pressure.
The variations in heat flux density versus surface temperature with coolant velocities at 
0.25, 0.5 and 2.0 m/s are shown in figure 6.8a. Data to the left of the line at 
Tw~ 130 °C (the saturation temperature) represents the convective regime only and data 
points to the right are in the forced convective plus nucleate regime.
The velocity increases give rise to a range of increases in heat flux of approximately 
150 to 300 kW/m2 (a global increase of 10 to 20% of full scale). The forced convection 
regime sees the greatest increase due to velocity of 300 kW/m2 (300% locally) and the 
upper part of the nucleate regime sees a similar flux increase but at 27%, both locally 
and globally. Alternatively, the velocity increases can be represented by a reduction in 
surface temperature of *35 °C (-25 %) for a specific heat flux in the forced convection
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regime and *5 °C (-3 %) for the nucleate regime. The increases in flux density due to 
the velocity changes are not as significant as those due to the development of boiling 
which ranges up to 1300 kW/m2 ie. a 1300 % increase at the low velocity.
These observations are consistent with previous investigators, French [1969, 1970], 
Smith et al [1970], Finlay et al [1985A, 1988] and Cipolla [1989]. Low flowrates seem 
to cause a heat flux discontinuity in the change from forced convection to nucleate 
boiling regimes, also confirmed by Butterworth and Hewitt [1977] and Cipolla [1989].
The variations in the combined heat transfer coefficient, equation 6.9, versus wall 
superheat and coolant velocity are shown in figure 6.8b. Data points, which have 
negative wall superheats, are convective only and appear to be independent of wall 
superheat and wall temperature. The increases in the combined heat transfer coefficient 
attained in the nucleate regime vastly exceed those in the convective regime. At the low 
coolant velocity, boiling attains an 800 % increase in combined heat transfer coefficient. 
In the convective region, only a 400 % increase in the heat transfer coefficient is 
attained for the velocity increase.
There appear to be three distinct and separate curves (for both heat flux density and heat 
transfer coefficient) at the three velocities, which suggests that the principle of 
superposition is maintained. If boiling were to overwhelm convection completely, all 
three heat flux density and heat transfer coefficient curves would combine to form one 
single curve for the nucleate regime.
The nucleate heat transfer coefficient calculated using superposition and equation 6.7 is 
shown in figure 6.8c. The principle of nucleate suppression as described by 
Chen [1966] also appears to be maintained to some extent. Chen argues that the coolant 
flow reduces the thermal boundary layer to a smaller thickness than that for pool boiling 
at the same wall superheat, figure 6.8d. Hence, the “effective” superheat, ATe, at the 
bubble in forced convection is less than that for pool boiling. Chen devised the 
suppression factor based on the “macro” Reynolds number based on duct flow and 
dimensions rather than the “micro” or bubble Reynolds number based on bubble 
dimensions. Chen shows that increasing flow velocities (macro Reynolds number) 
increase the suppression of the nucleate heat transfer (S factor), figure 3.2.
The Rohsenow bubble Reynolds number (Re*) is plotted, logarithmically, in terms of 
the non-dimensional wall superheat or Jakob number and Prandtl number in figure 6.8e. 
Data for 0.25 and 0.5 m/s appear to be largely coincident but data at 2 m/s shows the
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effects of pool boiling suppression. A power law correlation through the 0.25 m/s data 
yields a coefficient of 13760 and exponent 1.6. A power law fit through the 2 m/s data 
yields the same exponent as the low velocity data but with a smaller coefficient, 5378. 
However, the 2 m/s correlation underestimates the bubble Reynolds number at higher 
wall superheats. Both these correlations are shown together with Rohsenow ‘s 
correlation, with fluid surface coefficient of 0.0068 and exponent 3, in figure 6.8e. This 
data is plotted in non-logarithmic form in figure 6.8f.
The 2 m/s data appears to begin to converge with the low velocity data at higher wall 
superheats. Hence, although flow suppression appears to hold at low wall superheats, 
the boiling data at high velocity and higher wall temperatures appears to merge with the 
low flow boiling data. At the higher superheats, the agitation of bubbles at the wall 
surface overwhelms the convective boundary layer and thus boiling heat transfer 
dominates. Velocity suppression does not dominate at the high superheats. This 
confirms some of Rohsenow fs observations.
The data Rohsenow [1952] uses, for forced convection comparisons, is based at high 
pressures, 69 to 138 bar (1000 to 2000 psia). Distilled water flows in a vertical nickel 
tube of 4.6 mm diameter (0.18 in) and 238.8 mm (9.4 in) long (LTD = 52.2). Rohsenow 
suggests that as boiling becomes more vigorous at higher wall superheats “the effect of 
forced convection fluid velocity apparently disappears”. However, Rohsenow [1952] 
finds no evidence of velocity suppression and the data presented in terms of 
superposition in Rohsenow and Choi [1961] suggests that the boiling component is not 
changed by velocity. The high pressures, used for Rohsenow ‘s data (close to the 
critical pressure of 221.2 bar for water), are very likely to dominate the bubble 
formation and growth. Bubble vapour saturation pressures of 3 to 8 bar are achieved 
close to the wall at temperatures in the range 140 to 180 °C in the current rig, 
figure 6.6L These local bubble vapour pressures are significant compared to the system 
pressure, 2 bar, of the present rig but not to the pressures used by Rohsenow, 69 to 
138 bar. Hence, the high pressures in Rohsenow ‘s data may also mask or overwhelm 
any effect of velocity suppression.
The current range in the bubble Reynolds number is 0.01 to 10 and for Rohsenow, the 
range is 0.1 to 100. The current range in the Jakob/Prandtl ratio is 0.0001 to 0.01 and 
for Rohsenow 0.01 to 0.1. Hence, Rohsenow was not able to account for the lower wall 
superheats and fluxes but was able to make better use of the higher wall superheats.
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It therefore seems likely that elements of both Rohsenow and Chen are correct. At low 
wall superheats, the flowing coolant suppresses the initiation and growth of bubbles 
with the reduced or suppressed boundary layer thickness. However, as the wall 
superheat increases, the increasing bubble vapour pressures generated at the wall 
overcome the effects of the flow boiling suppression. The boiling heat transfer 
component overtakes the component of heat transfer due to convection and eventually 
dominates or suppresses convection.
A more sophisticated and complex inter-relationship between forced convection and 
boiling is required. Superposition is still appropriate but the magnitude of convection 
relative to the nucleate component may change. There is still the possibility that, at 
very high coolant flows and fluxes (beyond the scope of the present rig), the flow may 
be able to suppress and overwhelm any bubble initiation and growth.
The alternative to the Chen method of boiling suppression is that of convection 
suppression as devised by Bowring (1962), referenced in Collier and Thome [1994]. 
The convection term is defined so that, at a wall superheat of zero, the convective flux 
is a maximum ie. the same as the conventional superposition. However, as the wall 
superheat increases, the convection term diminishes until it is zero, figure 6.8g. 
Suppression of the convective term in favour of the nucleate term is taking place. This 
is compared to the Chen method where the convective flux extrapolated into the 
nucleate regime continues to increase, figure 6.5c. The problem with the Bowring 
method is that it requires further and more complex calculations.
In the present context, all of the convective flux extrapolated into the boiling regime 
(red line in figure 6.8g) has been removed from the total flux to acquire the nucleate 
flux. If the Bowring method of superposition and convection suppression were to be 
used, the reduction in the forced convection component leads to an increase in the 
nucleate component. The levels of the nucleate data would increase and those shown in 
figure 6.8c, e and f are therefore conservative estimates for any recalculated values. 
However, the total heat flux remains unchanged and any inaccuracies in the definition 
in the two components are lost in the calculation of the total
• Any flow boiling model should be judged in terms of the total and not its 
individual convective and boiling components.
The boiling number indicates the ratio of the boiling flux to the fluid mass flow, 
section 3.3.1.2. For low velocities, sharp increases in the boiling number can be 
observed at wall superheats around 10 °C, figure 6.8h. This sharp increase does not
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occur for the high velocity, 2 m/s, which has a linear profile with wall superheat. For 
low velocities, there is a 10 fold increase in boiling number at wall superheats of 25 to 
35°C, compared to the boiling number at 0°C. High boiling numbers represent a high 
heat flux to low mass flow, where 5x1 O'4 to 25x10"* is regarded as relatively high, 
Wambsganss et al [1993]. The maximum boiling number at 2 m/s is =3x1 O'4. Hence, 
boiling numbers greater than 3x10"* or 5x10"* may be regarded as being predominately 
due to boiling rather than forced convection. The boiling number may be used to 
indicate the proportion of flux given to boiling to that of forced convection.
Note: As defined in section 3.3.1.2, the boiling number may be defined in terms of the 
boiling flux density. Hence, as defined, boiling numbers of zero should be obtained at 
wall superheats of zero. In the present context, the total heat flux (forced convection 
plus boiling) as defined by Wambsganss et al [1993] is used here. Hence, the boiling 
number with boiling can be observed relative to forced convection only numbers, 
Le. boiling numbers at positive wall superheats relative to negative wall superheats.
6.4 Characteristic length or diameter (duct height)
Figures 6.9a to d show heat transfer data at the following conditions: copper test piece, 
0.25 m/s velocity, 90 °C inlet temperature and 2 bar exit pressure.
When comparing duct sizes of 10x5, 10x10 and 10x50, there appears to be little 
apparent consistent change to the heat transfer for:
a) Heat flux versus surface temperature, figure 6.9a
b) Combined heat transfer coefficient versus superheat, figure 6.9b
c) Nucleate heat transfer coefficient versus superheat, figure 6.9c
This observation is also applicable to the bubble Reynolds number versus non- 
dimensional wall superheat, figure 6.9d.
Any expected change in the forced convection regime data due to the increasing
diameter is not shown because the convective component is too small, Le. the influence
of the duct height in the forced convective Nusselt number and Reynolds number is not 
seen experimentally. The bubbles leaving the heated surface do not appear to be 
affected by changes to the duct diameter over the range of duct diameters tested.
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6.5 Inlet temperature
Heat transfer data for the variation in inlet temperature or subcooling is shown in 
figure 6.10a to d at the following conditions: copper test piece, 0.25 m/s velocity and 
2.0 bar exit pressure.
The heat flux density, at a certain surface temperature, is consistently shown to increase 
with a reduction in the inlet temperature from 90 °C to 40 °C, figure 6.10a. This can 
also be described as an increase in subcooling of 38 °C to 88 °C, respectively. 
However, the combined heat transfer coefficient in the convection regime appears to be 
roughly similar for either level of subcooling, figure 6.10b. The use of the heat transfer 
coefficient almost removes the dependence of convection on inlet subcooling.
Rohsenow [1952] uses the same principle to eliminate any effect of subcooling from the 
boiling correlations by using the wall superheat. Although the independent ordinate is 
wall superheat, an increase in the nucleate heat transfer coefficient for an increase in 
subcooling is still shown in figure 6.10c. The same effect is shown in the bubble 
Reynolds number versus non-dimensional wall superheat, figure 6.10d, where the 
correlation has shifted to the left for an increase in subcooling i.e. an increase in inlet 
subcooling increases the bubble Reynolds number for the same wall superheat.
The distinction between the temperature differential and subcooling, used in the 
convective heat transfer coefficient, Tw-T^  and the wall superheat, T„-Tsat, is important 
here. The bulk temperature, Too, is a function of the inlet temperature but the saturation 
temperature, 7 ^ , is not since it depends on pressure. Data acquired for pool boiling is 
usually acquired at saturated conditions and by definition is not open to changes in inlet 
subcooling.
Physically, not only does the average velocity of bubbles leaving the heated surface 
increase for the greater level of subcooling, figure 6.10e but also these departing 
bubbles are replaced by the inrush of cooler fluid. This then leads to the increases in 
heat flux with inlet subcooling.
Note: The combined heat transfer coefficient is lower for the low inlet temperature, 
figure 6.10b, and appears to contradict the flux density shown in figure 6.10a. This 
apparent contradiction is due to the definition of the combined heat transfer coefficient, 
equation 6.9. The use of the reciprocal of the wall to bulk fluid temperature differential, 
T y r T o o ,  in the nucleate component masks the increases in the nucleate heat transfer 
coefficient.
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6.6 System pressure
Figures 6.1 la to e show heat transfer data at the following conditions: copper test piece, 
0.25 m/s velocity and 90 °C inlet temperature.
When comparing system pressures of 100 and 200 kPa absolute, there appears to be 
little apparent consistent change to the heat flux density or the heat transfer coefficient 
for the forced convection regime. The absolute pressure is not expected to influence 
either the convective velocity boundary layer or the convective thermal boundary layer, 
since the single phase liquid is nearly incompressible.
For the nucleate regime at a certain surface temperature, there appears to be a consistent 
increase in heat flux density with a reduction in system pressure. This is due to the 
reduction in saturation temperature with the reduction in system pressure. With this 
factor removed by the use of the wall superheat, figure 6.11b, there appears to be a 
reduction in the combined heat transfer coefficient versus superheat for reduced 
pressure. This effect is also observed in the nucleate heat transfer coefficient versus 
superheat, figure 6.11c. For the bubble Reynolds number versus non-dimensional wall 
superheat, figure 6.lid , the low pressure data has shifted to the right relative to the high 
pressure data.
The CHF and transition boiling may also be observed in the low pressure data. The 
CHF is discussed more fully in section 6.7 subsequently.
The current data is consistent with that observed by Rohsenow [1951] in terms of flux 
versus wall superheat and Rohsenow sought to remove the effect of pressure by using 
the Prandtl number, section 3.3.3. However, as been discussed previously in the section 
on coolant velocity, section 6.2, this data was at high pressure and the present rig has 
relatively low pressures.
Any increase in liquid pressure for a particular bubble size, r, in equation 3.16 results in 
a smaller required vapour superheat, Tv-Ts*. Similarly, for the same bubble vapour 
superheat in equation 3.16, an increased pressure results in a smaller bubble size. This 
can just be observed, figure 6.lie . At the higher pressures, more thermal energy is 
required to generate and grow bubbles, which is observed as increased bubble escape 
velocities and hence boiling flux densities.
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6.7 CHF ATTAINMENT
The heat flux density versus surface temperature is shown for the two occasions at 
0.25 m/s coolant velocity, where the CHF has been attained with smooth copper, 
figure 6.12a. The duct size is 10x5 or 10x50, the inlet temperature is 90 °C and the 
system pressure is 100 or 120 kPa. The arrows denote the apparent entry into transition 
boiling, where the flux density has reached a peak and then begins to diminish with 
increasing wall temperature. The axis limit for the surface temperature is 260 °C, 
because the data acquisition system saturates at a temperature of 264 °C. The numerical 
value of the CHF attained is also shown on the graph. The bubble Reynolds number is 
also shown to reach a peak and then diminish for increasing non-dimensional wall 
superheat, figure 6.12b.
Given enough heat, the velocity of bubbles leaving the surface saturates such that 
increasing bubble departure velocities cannot be sustained, figure 6.12c. The velocity 
of the departing bubbles is related to the heat input by equation 3.26. Alternatively, the 
bubble velocity can be represented by the product of bubble diameter x frequency, 
equations 3.23 and 3.24. Hence, the frequency of bubble formation becomes so great 
that the vapour blanket is formed.
The single point beyond the CHF and less than the temperature saturation limit of 
264 °C (10x5 duct) suggests that the rig is temperature controlled rather than heat flux 
controlled. A constant line at the CHF and beyond would have confirmed that the rig is 
heat flux controlled.
Another two occasions, at 0.5 m/s coolant velocity, where the CHF is attained with 
smooth copper, is shown in figure 6.13a. The duct size is 10x10 or 10x50, the inlet 
temperature is again 90 °C and the system pressure is 100 or 110 kPa. On this occasion, 
the arrows denote both the apparent entry into and exit out of transition boiling. Again, 
the bubble Reynolds number attains a peak and diminishes with increasing non- 
dimensional wall superheat, figure 6.13b.
The heat flux density versus surface temperature for one occasion where the CHF is 
attained with smooth A319 aluminium at 0.25 m/s is shown in figure 6.14a. The duct 
size is 10x50, the inlet temperature is 90 °C and the system pressure is 110 kPa. Data 
for the smooth copper at 100 kPa is also shown for comparison. The fluxes for either 
metal are shown to be similar. Again, the bubble Reynolds number versus non- 
dimensional wall superheat is shown in figure 6.14b. A greater sensitivity in control
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was maintained in attaining the CHF for the aluminium. This is observed with a greater 
number or density of data points around the CHF point and although a peak in the flux 
is observed, there is no large excursion into higher surface temperatures.
The heat flux density versus surface temperature for another two occasions where the 
CHF is attained with A319 aluminium, smooth and as cast at a slightly higher pressure, 
130 kPa, is shown in figure 6.15a. The velocity is 0.25 m/s, the duct size is 10x5, the 
inlet temperature is 90 °C. Again, data for the smooth copper at 120 kPa is also shown 
for comparison and the fluxes are all similar. The bubble Reynolds number versus non- 
dimensional wall superheat is shown in figure 6.15b.
It is worth noting that the CHF attained with the as-cast aluminium sample is at a 
significantly lower level than that for the smooth copper and aluminium. Boiling 
initiates at surface cavities and is related to the number of bubbles sites per unit area, 
equation 3.20 to 3.22. Given a rough surface with peaks and troughs, troughs can be 
readily used as bubble sites. The same cannot be said for the peaks in the metal surface. 
Hence, a rough surface presents less area available for nucleation sites, which means 
that the increasing superheats causes the flux to saturate at a lower value than the 
smooth surface.
• In total, there are seven occasions where the CHF is attained.
The highest heat fluxes attained per copper test, are plotted against each of the coolant 
variables; velocity, hydraulic diameter, inlet temperature and system pressure in 
figure 6.16 a, b, c and d respectively. The heat fluxes do not necessarily represent the 
maximum level that can be attained, but represent the highest value attained for each 
particular test. However, the data highlighted in red is where the CHF is attained, and is 
therefore the maximum heat flux attainable.
• The data presented in each of figures 6.16 a, b c and d, do not show single 
variable comparisons Le. figure 6.16a includes data at all diameters, inlet 
temperatures and pressures.
The purpose of these graphs is to show how data at the CHF stands out from the 
ordinary data. Increased velocity, subcooling and pressure all increase the level of the 
CHF, section 3,3.4 of chapter 3. This is confirmed in that no critical heat fluxes are 
attained at the higher velocities, higher subcooling and higher pressures. However, 
critical heat fluxes are attained across the range of hydraulic diameters.
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On examination of the bubble Reynolds number versus each coolant parameter, a 
pattern emerges, figure 6.17a, b, c, and d. The CHF points are observed to be most 
isolated versus pressure, i.e. there are almost no heat flux points higher than the CHF 
points at low pressure. However, for the other coolant variables, higher heat flux points 
surround the CHF points. Hence, pressure is regarded as the most important coolant 
variable, closely followed by coolant velocity and inlet temperature.
The explanation for the increase in CHF with pressure is similar to that for the boiling 
fluxes:
• At the higher pressures, more thermal energy is required to generate and grow 
bubbles, which is observed as increased bubble escape velocities and hence 
boiling flux densities. This also translates into higher saturated flux densities or 
higher critical heat fluxes. In addition, the higher pressure results in smaller 
bubbles. More bubbles are therefore required to cover the surface in a blanket of 
vapour.
Similarly:
• For the greater level of subcooling, not only does the average velocity of bubbles 
leaving the heated surface increase, but also these departing bubbles are replaced 
by the inrush of cooler fluid. This then leads to the increases in heat flux and the 
CHF with inlet subcooling.
Hydraulic diameter is not regarded as important for the range of duct diameters tested. 
At some point in reducing the duct height, the duct roof must interfere with and restrict 
the development of the bubble. However, any further reductions in duct height may not 
be practical in an engine. On the other hand, a circular or axi-symmetric duct, which is 
heated around the whole circumference, allows bubbles to develop around the whole 
perimeter of the duct. The cross section left available to the flowing liquid is smaller 
than that of a duct heated from one side only. Hence, the restriction to flow is therefore 
taking place around the whole circumference of a heated tube but not for a duct heated 
on one side only. This is discussed further in a subsequent section on pressure drop.
The data associated with the critical heat fluxes (CHF) attained specifically for copper 
over the range of heat fluxes tested, up to =1500 kW/m2, is summarised in table 6.6:
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Velocity [m/s] 0.26 0.50 0.26 0.50
Depth [mm] 5 10 50 50
Diameter [mm] 7.0 10.8 19.0 19.0
Inlet temperature [°C] 90 90 90 90
Outlet pressure [kPa] 115 101 100 108
CHF [kW/m2] 1287 1344 1123 1237
Tw at CHF [°C] 169 169 158 164
Reb Max 2.64 2.54 2.14 2.31
Table 6.6 CHF data for copper
The data associated with the critical heat fluxes (CHF) attained specifically for 
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Table 6.7 CHF data for aluminium alloy A319T6
These critical heat fluxes are considerably higher than those attained by
Finlay et al [1987], which are in the range 200 to 1300 kW/m2, figure 4.2b. This is due
to a number of reasons in order of significance:
a) The current rig is flow controlled, where the Finlay rig is pressure controlled. In 
view of the importance of pressure to the CHF, the method of rig pressure control 
becomes important. If the pressure drop is maintained constant, but the absolute 
pressure, especially at exit, is allowed to reduce, the possibility of hitting the CHF 
is enhanced.
b) The current data is close to one dimensional, similar to the rectangular rig of 
Boyle et al [1991] and Finlay et al [1986B]. The data obtained by 
Finlay et al [1987] is largely axi-symmetric.
c) Due to the difference in area of heated surface involved, the heat flow or power, 
in terms of Watts, attained by the current rig is likely to be lower than that 
attained by Finlay et aL A greater heated surface area, (x5 approx.), is available 
to heat flow for the circular axi-symmetric rig, Finlay et al (2394 mm2), than for 
the current rectangular duct (500 mm2). Assuming similar flux densities, the heat 
flow would be higher than in the current rig. The higher heat flow generates 
higher coolant bulk temperatures at exit. This higher exit temperature will be
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closer to the saturation temperature and the likelihood of entering saturated 
boiling is greater.
6.7.1 Section pressure drop
Data for the experimental pressure drop across the test section versus the surface super 
heat and coolant velocity shows that there is little change as superheat increases, 
figure 6.18.
A model for the single-phase pressure drop over the test section length, dP/dZ, is 
presented by Stelling et al [1996] as follows:
...................................................................................................
dZ D H6
The second term represents the pressure drop due to friction with F as the Fanning 
friction factor. The third term in equation 6.12, represents the gravitational pressure 
drop and can be neglected for horizontal ducts. Higher velocities, lower duct diameters, 
or longer duct lengths lead to increases in the friction pressure drop, equation 6.12.
Data for the coolant velocities of 0.25 and 0.5 m/s in figure 6.18 is within the 
experimental error of 2 kPa (0.02 bar), section 5.5.2. A calculation, using equation 6.12 
for the 10x5 duct, gives a pressure drop of 1 kPa for 2 m/s. The experimental pressure 
drop (*32 kPa) exceeds this theoretical value significantly. The experimental pressure 
drop exceeds the predicted pressure drop due to friction since the two gauzes at either 
end of the test section are included between the pressure gauges recording the absolute 
pressure at each end of the test section.
Any vapour bubbles growing and developing at the heated surface may be expected to 
reduce the duct cross-sectional area and hence increase the resistance to flow. 
However, once boiling has started, Le. wall superheat greater than zero, the 
experimental pressure drop at 2 m/s in figure 6.18 does not appear to increase at alL
The pressure drop across the test section versus the surface superheat is shown for two 
particular tests, where the CHF is attained, figure 6.19. All the other CHF data is, as 
shown for the 10x50 duct, close to or within the experimental error for pressure 
measurement at 2 kPa (0.02 bar). However, the data for the 10x10 duct shows that the 
pressure drop across the test section increases from 17 kPa to 23 kPa (35% increase) 
with surface temperature.
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Finlay et al [1985B, 1987] observed that increases in the resistance to flow were 
encountered due to both the onset of boiling and the CHF at lower velocities (0.75 to 
2 m/s). Finlay et al controlled pressure drops in the range 0.2 to 10 kPa (2 to 100 cm 
water) and show flow rate reductions of lA to Vi. Although the pressure drop observed 
for the 10x10 is not typical, it is still not of the order observed by Finlay et al
The explanation is similar to that described previously for the CHF. A tube, heated 
around the perimeter, has a layer of vapour bubbles around the whole circumference. 
The area, available for the liquid to flow through, is reduced from all sides by the 
growing bubbles. Conversely, a duct, heated from one side only, will have its cross 
sectional flow area reduced from one side only.
• A 1-D heated duct appears to produce a lower pressure drop due to phase change 
than a circular heated tube.
• Further data is required to confirm this supposition and test the pressure drop 
model shown, equation 6.12.
6.8 A g e in g  and r e pe a t a b il it y
Repeatability is shown to be within experimental error, figures 6.3b and figure 6.4b. 
However, care has to be taken when preparing the rig for testing. The antifreeze used in 
the present rig is known as a “hybrid” based on ethylene glycol, which is coloured blue. 
It is believed that silicates in the inhibitor pack build up on the coolant surface over time 
and the hybrid does not have the desirable, long term, consistency or properties, 
Slatter [1997].
A single test after a rigorous rig and test piece surface clean, showed an almost vertical 
nucleate boiling regime. Subsequent repeat tests showed the nucleate regime to reach 
coincident profiles. Hence, a “boiling in” period was followed. Subsequently, the 
heated section was not as rigorously cleaned and the period of boiling in was passed 
from phase to phase. The micro cavities present in a thoroughly clean surface are 
conducive to boiling. The use of the hybrid coolant lays down silicates, which clog up 
some of these cavities. The initial number of nucleation sites is reduced and the rate of 
increase in the sites is reduced, equations 3.20 and 3.21.
Ford now use Texaco Havoline XLC, which is an “OAT’ based ethylene glycol 
antifreeze, coloured pink. The base product is the same Le. ethylene glycol, but the 
inhibitor pack is based on carboxylic or organic acids rather than silicates, which may
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have better long term properties and layers of protection with reduced thickness, 
Roose [1999].
The density of the 50% by volume antifreeze fluid was recorded at various times. 
Changes in the rig fluid density with time were observed. The rig was not fully sealed 
and was therefore partially open to the atmosphere. Hence, fluid was able to evaporate 
to the atmosphere. The assumption is that most of the fluid evaporated is water rather 
than ethylene glycol, due to water's lower boiling point. This was confirmed by the 
density of the rig fluid tending towards that of ethylene glycol rather than water. 
Adding more distilled water redressed the water loss. However, the rig in its non-sealed 
form is not conducive to maintaining a consistent 50% mixture.
• Future rigs should be sealed to remove evaporation losses.
6.9 Hysteresis
Hysteresis curves where the heat flux versus surface temperature is shown for both 
ascending and descending wall temperature or heat flux, figure 6.2. The ascending part 
of the loop is denoted by a lower start temperature and a higher number or density of 
data points. The descending curve has a lower density of data points (2 or 3). The 
hysteresis loop has an anti-clockwise sense Le. ascending heat fluxes are lower then the 
descending. The ascending cycle requires a certain level of super heat before boiling 
develops, but once started, boiling can be maintained with smaller levels of super heat 
on the descending cycle. “Boiling-curve hysteresis” occurs for well-wetted systems 
where the wall superheat may become large before boiling develops, Butterworth and 
Hewitt [1977]. Hysteresis in the order of 150 kW/m2 has been shown for the 
descending part of the hysteresis loop over that of the ascending data.
Boiling-curve hysteresis sometimes shows itself as a kink with an almost vertical rise in 
heat flux with temperature at the onset of boiling, Cipolla [1989].
6.10 Further data on the developing thermal boundary layer
The error between the flux at a particular station, Le. mid-section CD, and the mean of 
all the stations at a particular test point, i, can be denoted by a thermocouple ratio. The 
station thermocouple ratio is measured as the ratio of the flux at station CD to the mean 
flux:
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1 A  q” '
Average thermocouple ratio at Station CD = — > ——
« J.
where = station flux ....................................... 6.13
q '  = mean flux
The ratio is calculated and summed for a whole test run, i = 1 to N, to cover all points in 
both the convective and flow boiling regimes to give an average.
A summary of all copper data shows that for most data the flux at station CD (ratio > 1) 
is higher than that at EF (ratio <1), figure 6.20. Hence, for most data, the thermal 
boundary layer (convective and boiling) is still developing at station CD. However, 
there are a number of points where the average ratio is higher at station EF. The 
greatest discrepancies occur at low velocity where boiling is more dominant than 
convection.
Note: Data appearing with very high or low ratios are not processed or presented 
anywhere else since it violates the criteria set out in section 6.1.2.
6.11 Summary of results 
Coolant velocity
Increases in coolant velocity give rise to increases in heat flux especially in the 
convective regime.
The increases in heat flux in the nucleate regime due to coolant velocity are not as 
significant, because the nucleate regime heat fluxes are so dominant. This is especially 
true at low velocities. These low velocity nucleate heat fluxes are largely co-incident.
The total flux in the nucleate regime may be split into its two components (forced 
convection and flow boiling) using the conventional superposition principle. If the 
complete convective component is projected into the nucleate regime, higher velocities 
and low wall superheats cause nucleate boiling suppression Le. Chen’s nucleate boiling 
suppression holds at low wall superheats. At higher wall superheats, this high velocity 
boiling suppression is less effective, such that a common level of boiling flux is attained 
for all velocities Le. at high wall superheats, Rohsenow ’s flow boiling flux is no longer 
influenced by velocity.
Increases in the wall superheat lead to increased bubble agitation dominating the 
convection boundary layers. An alternative scenario to the Chen method of boiling 
suppression is that of Bowring convection suppression. Using the Bowring method, the
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balance of the convective and nucleate components may change but the total flux may 
remain unchanged. The use of the Bowring method has not been attempted and stands 
as a recommendation for future work.
Hydraulic diameter (passage geometry)
No consistent changes in heat transfer with duct diameter are observed in either the 
convective or the boiling regimes. Any expected change in the forced convection 
component due to the increasing diameter is not shown because the convective 
component is too smalL
Inlet temperature
In the convection regime, the increases in heat flux observed for increased subcooling 
are consistent with the increase in wall to fluid temperature differential. No apparent 
change is observed in the convective heat transfer coefficient.
For the boiling regime, the bubble Reynolds number is consistently shown to increase 
with a reduction in the inlet temperature (or increase in subcooling). Increasing levels 
of subcooling cause two effects:
a) The vapour bubbles leave the heated surface faster and
b) A cooler fluid rushes in to replace the escaping vapour.
This is a phenomenon not observed in saturated boiling by definition.
System pressure
Pressure changes do not influence the forced convection component since the liquid is 
nearly incompressible. Reductions in the boiling flux are observed as less thermal 
energy is required to initiate and develop bubbles at lower pressures.
CHF attainment
The CHF is the point at which the increase in frequency of formation and departure of 
bubbles can no longer be sustained.
The CHF has only been attained for low velocities, <0.5 m/s, high inlet temperatures, 
90 °C, and low exit pressures of 100 to 130 kPa over the range of heat fluxes tested up 
to *1500 kW/m2. These critical heat fluxes are attained across the range of duct heights 
tested.
Reducing system pressures in order to attain nucleate boiling at lower wall temperatures 
should be undertaken with care, due to the corresponding reduction in the level of the 
critical heat flux.
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The critical heat fluxes attained have been in the order of 980 (as cast aluminium) to 
1340 kW/m2 and corresponding surface wall temperatures between 160 and 170 °C.
These critical heat fluxes are considerably higher than those attained by 
Finlay et al [1987], which were in the range 200 to 1300 kW/m2. This is due to a 
number of reasons:
a) The current rig is flow controlled rather than pressure controlled
b) 1-D versus axi-symmetric ducts. Bubbles develop all around the heated tube 
whereas the bubbles develop on one side only of a 1-D heated duct. Vapour 
blockages are more likely in a heated tube
c) Due to the difference in the heated surface areas involved, the heat flows or 
power, in terms of Watts, attained by the 1-D rig are lower than those attained by 
the axi-symmetric rig. The higher heat flows would generate higher exit coolant 
temperatures, which are closer to saturated boiling
Pressure drop
• A 1-D heated duct appears to produce a lower pressure drop due to phase change 
than a circular heated tube.
• Further data is required to confirm this supposition and test the pressure drop 
model shown, equation 6.12.
Ageing and repeatability
A very clean surface and new fluid appears to cause very sharp increases in heat transfer 
with subsequent tests showing more repeatable boiling profiles.
Hysteresis
Levels of heat flux the order of 150 kW/m2 higher have been shown for the descending 
part of the hysteresis loop over that of the ascending. For normal anti-clockwise 
hysteresis, the ascending cycle requires a certain level of super heat before boiling 
develops, but once started, boiling can be maintained with smaller levels of super heat 
on the descending cycle.
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Figure 6.1 Diagram of heated test piece with thermocouple station pairs and 
fluid duct. Thermocouple station pairs at: Leading edge AB at 
x/L=0.1, mid-section CD at x/L=0.5 and trailing edge EF at x/L =0.9. 
The inadequacy of 1-D heat flux paths is also shown.
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Copper test piece, coolant velocity=2 m/s, 10x5 duct, inlet temperature = 90 °C,
exit pressure = 200 kPa.
Figure 6.2 Heat flux density versus surface temperature. Individual station heat 
fluxes at mid-station, CD, and trailing edge station, EF, (x/L = 0.5 
and 0.9, respectively)
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b) Calculated mean of heat flux at stations CD and EF.
Copper test piece, coolant velocity=0.25 m/s, 10x5 duct, inlet temperature = 90 °C,
exit pressure = 200 kPa.
Figure 6.3 Heat flux density versus surface temperature for a set of repeat tests 
(A20 and D04).
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b) Calculated mean of heat flux at stations CD and EF.
Copper test piece, coolant velocity=0.5 m/s, 10x5 duct, inlet temperature = 90 °C,
exit pressure = 200 kPa.
Figure 6.4 Heat flux density versus surface temperature for a set of repeat tests 
(A14, D01 and F02).
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b) Ratio of fluid heat rate to metal heat rate.
Copper test piece, coolant velocity=0.25 m/s, 10x5 duct, inlet temperature = 90 °C,
exit pressure = 200 kPa.
Figure 6.5 Test section temperature rise versus wall superheat and fluid heat 
rate to metal heat rate ratio versus wall superheat temperature for 
repeat tests (A20 and D04).
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d) Nucleate flux density.
Copper test piece, coolant velocity=0.25 m/s, 10x5 duct, inlet temperature = 90 °C,
exit pressure = 200 kPa.
Figure 6.5 Convective flux density and nucleate flux density versus wall 
superheat temperature for repeat tests (A20 and D04).
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f) Combined heat transfer coefficient (HTC) includes both convective and nucleate 
components.
Copper test piece, coolant velocity=0.25 m/s, 10x5 duct, inlet temperature = 90 °C,
exit pressure = 200 kPa.
Figure 6.5 Nucleate heat transfer coefficient and combined heat transfer 
coefficient versus wall superheat for repeat tests (A20 and D04).
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d) Latent heat of vaporisation.
EG: Ethylene Glycol, RM: Rogers & Mayhew, UC: Union Carbide.
Figure 6.6 Coolant properties for 50% by volume ethylene glycol to water, pure 
water and pure ethylene glycol (where available). Liquid thermal 
conductivity, liquid density, vapour density at saturation and latent 
heat of vaporisation versus temperature. Algorithms from Union 
Carbide (UC) [1991] and data from Rogers and 
Mayhew (RM) [1988].







«  2500 -
2000
O 1500
 50%  W gt. EG/W ater, UC
 W ater, UC
> W ater, RM
 100% W gt. EG - Union Carbide
1000
500
0 50 100 150 200
Temperature [°C]
e) Liquid specific heat capacity,
l L  0.05 







■  50%  Vol. EG/W ater, UC
O  W ater, Incropera & DeW itt [1990]








50%  Vol. EG/W ater, UC
 W ater, UC
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EG: Ethylene Glycol, RM: Rogers & Mayhew, UC: Union Carbide.
Figure 6.6 Coolant properties for 50% by volume ethylene glycol to water, pure 
water and pure ethylene glycol (where available). Liquid specific 
heat capacity, surface tension, liquid viscosity and liquid Prandtl 
number versus temperature. Algorithms from Union Carbide (UC) 
[1991] and data from Rogers and Mayhew (RM) [1988].
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j) Saturation temperature versus pressure.
Figure 6.6 Coolant properties for 50% by volume ethylene glycol to water, pure 
water and pure ethylene glycol (where available). Vapour pressure at 
saturation versus temperature and saturation temperature versus 
pressure.
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b) Bubble velocity.
Copper test piece, coolant velocity=0.25 m/s, 10x5 duct, inlet temperature = 90 °C,
exit pressure = 200 kPa.
Figure 6.7 Bubble diameter and bubble velocity versus wall superheat. Copper 
test piece, coolant velocity=0.25 m/s, 10x5 duct, inlet
temperature = 90 °C, exit pressure = 200 kPa.



















c) Bubble Reynolds number.
Copper test piece, coolant velocity=0.25 m/s, 10x5 duct, inlet temperature = 90 °C,
exit pressure = 200 kPa.
Figure 6.7 Bubble Reynolds number versus non-dimensional wall superheat.
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a) Heat flux density versus surface temperature and coolant velocity.
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b) Combined heat transfer coefficient versus wall superheat and coolant velocity. 
Copper test piece, 10x5 duct, inlet temperature = 90 °C, exit pressure = 200 kPa.
Figure 6.8 Heat flux density versus surface temperature and coolant velocity.
Combined heat transfer coefficient (HTC) versus wall superheat and 
coolant velocity. Copper test piece, 10x5 duct, inlet
temperature = 90 °C, exit pressure = 200 kPa.
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c) Nucleate heat transfer coefficient versus surface temperature and coolant 
velocity.
Copper test piece, 10x5 duct, inlet temperature = 90 °C, exit pressure = 200 kPa.
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d) Temperature profiles for pool and convective boiling with the same superheat,
Chen [1966]. ATeis the “effective” superheat.
Figure 6.8 Nucleate heat transfer coefficient (HTC) versus surface temperature 
and coolant velocity. Copper test piece, 10x5 duct, inlet 
temperature = 90 °C, exit pressure = 200 kPa. Temperature profiles 
for pool and convective boiling with the same superheat, 
Chen [1966].
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e) Bubble Reynolds number. Rohsenow [1951] recommended an exponent of 3. A 
fluid/ surface coefficient, CSf  of 0.0068 is used here.
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f) Bubble Reynolds number (non-logarithmic form).
Figure 6.8 Bubble Reynolds number versus dimensionless wall superheat and 
coolant velocity in logarithmic and non-logarithmic forms. Copper 
test piece, 10x5 duct, inlet temperature = 90 °C, exit
pressure = 200 kPa.
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Figure 6.8 Bowring model for diminishing convection flux in the nucleate 
regime, Collier and Thome [1994]. Boiling number versus wall 
superheat. Copper test piece, 10x5 duct, inlet temperature = 90 °C, 
exit pressure = 200 kPa.
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Figure 6.9 Heat flux density versus surface temperature and hydraulic 
diameter. Combined heat transfer coefficient (HTC) versus wall 
superheat and hydraulic diameter. Copper test piece, coolant 
velocity = 0.25 m/s, inlet temperature = 90 °C, exit
pressure = 200 kPa.
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d) Bubble Reynolds number versus non-dimensional wall superheat and duct 
height.
Figure 6.9 Nucleate heat transfer coefficient (HTC) versus surface temperature 
and hydraulic diameter. Bubble Reynolds number versus non- 
dimensional wall superheat and hydraulic diameter. Copper test 
piece, coolant velocity = 0.25 m/s, inlet temperature = 90 °C, exit 
pressure = 200 kPa.
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b) Combined heat transfer coefficient versus wall superheat and inlet temperature.
Figure 6.10 Heat flux density versus surface temperature and inlet temperature.
Combined heat transfer coefficient (HTC) versus wall superheat and 
inlet temperature. Copper test piece, coolant velocity = 0.25 m/s, 
10x50 duct, exit pressure = 200 kPa.
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d) Bubble Reynolds number versus non-dimensional wall superheat and inlet 
temperature.
Figure 6.10 Nucleate heat transfer coefficient (HTC) versus surface temperature 
and inlet temperature. Bubble Reynolds number versus non- 
dimensional wall superheat and inlet temperature. Copper test piece, 
coolant velocity = 0.25 m/s, 10x50 duct, exit pressure = 200 kPa.
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e) Bubble velocity versus wall superheat and inlet temperature.
Figure 6.10 Bubble velocity versus wall superheat and inlet temperature. Copper 
test piece, coolant velocity = 0.25 m/s, 10x50 duct, exit 
pressure = 200 kPa.


















80 100 120 140 160
Surface temperature [Deg C]
180 200













-40 -20 0 20 40 60 80
T w -T ^  [Deg C]
b) Combined heat transfer coefficient versus wall superheat and system pressure.
Figure 6.11 Heat flux density versus surface temperature and system pressure.
Combined heat transfer coefficient (HTC) versus wall superheat and 
system pressure. Copper test piece, coolant velocity = 0.25 m/s, 10x5 
duct, inlet temperature = 90 °C.
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d) Bubble Reynolds number versus non-dimensional wall superheat and system 
pressure.
Figure 6.11 Nucleate heat transfer coefficient (HTC) versus surface temperature 
and system pressure. Bubble Reynolds number versus non- 
dimensional wall superheat and system pressure. Copper test piece, 
coolant velocity = 0.25 m/s, 10x5 duct, inlet temperature = 90 °C.
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e) Bubble diameter versus wall superheat and system pressure.
Figure 6.11 Bubble diameter versus wall superheat and system pressure. Copper 
test piece, coolant velocity = 0.25 m/s, 10x5 duct, inlet 
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b) Bubble Reynolds number versus non-dimensional wall superheat.
Figure 6.12 Heat flux density versus surface temperature. Bubble Reynolds 
number versus non-dimensional wall superheat. Attainment of the 
CHF. Copper test piece, coolant velocity = 0.25 m/s, inlet 
temperature = 90 °C, exit pressure = 100/120 kPa.
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c) Bubble velocity versus wall superheat.
Figure 6.12 Bubble velocity versus wall superheat. Attainment of the CHF.
Copper test piece, coolant velocity = 0.25 m/s, inlet
temperature = 90 °C, exit pressure = 100/120 kPa.
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b) Bubble Reynolds number versus non-dimensional wall superheat.
Figure 6.13 Heat flux density versus surface temperature. Bubble Reynolds 
number versus non-dimensional wall superheat. Attainment of the 
CHF. Copper test piece, coolant velocity = 0.5 m/s, inlet 
temperature = 90 °C, exit pressure = 100/110 kPa.
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b) Bubble Reynolds number versus non-dimensional wall superheat.
Figure 6.14 Heat flux density versus surface temperature. Bubble Reynolds 
number versus non-dimensional wall superheat. Attainment of the 
CHF. Copper/ smooth A319 test pieces, coolant velocity = 0.25 m/s, 
duct size = 10x50, inlet temperature = 90 °C, exit
pressure = 100/110 kPa.
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b) Bubble Reynolds number versus non-dimensional wall superheat.
Figure 6.15 Heat flux density versus surface temperature. Bubble Reynolds 
number versus non-dimensional wall superheat. Attainment of the 
CHF. Copper test piece, coolant velocity = 0.25 m/s, duct size = 10x5, 
inlet temperature = 90 °C, exit pressure = 115/125 kPa.
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Highest heat flux densities attained for any test with the copper 
surface versus each coolant parameter. A comparison of data where 
the CHF has been attained against those without. The data in each 
graph contains all the parameters i.e. the same data appears in each 
graph but is presented against each parameter in turn.
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Figure 6.17 Highest bubble Reynolds numbers attained for any test with the 
copper surface versus each coolant parameter. A comparison of data 
where the CHF has been attained against those without. The data in 
each graph contains all the parameters i.e. the same data appears in 
each graph but is presented against each parameter in turn.
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Figure 6.18 Pressure drop across test section versus wall superheat and coolant 
velocity. Copper test piece, 10x5 duct, inlet temperature = 90 °C, exit 
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Figure 6.19 Pressure drop across test section versus wall superheat. A 
comparison of two tests where the CHF is attained. Copper test 
piece, coolant velocity = 0.5 m/s, inlet temperature = 90 °C, exit 
pressure = 100/110 kPa
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Figure 6.20 Station thermocouple ratios at stations CD and EF for all copper 
data versus coolant velocity.
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7 M odelling  and  predictio ns
7 .1  I n t r o d u c t io n
Results of model and predictions are shown for:
• Coolant heat transfer modelling
• One dimensional gas, metal and coolant modelling and predictions 
Coolant heat transfer modelling
Coolant prediction models are compared with experimental results for:
• Convection
• Flow boiling
The accuracy of the Dittus-Boelter forced convection model is examined against 
experimental data. Flow boiling models for Thom and Cipolla are viewed at low
velocities. However, due to the inappropriateness of the method of application these
two models are not examined further. The accuracies of the Rohsenow and Chen flow 
boiling models are examined against experimental data. Improvements to the 
Rohsenow flow-boiling model are suggested and examined against experimental data.
The performance of the Chen model is compared against experimental data for changes 





In addition results are shown for the following item:
• Coolant temperature rise
The Chen model is also compared against aluminium alloy for both smooth and rough 
surfaces.
One dimensional gas, metal and coolant modelling and predictions
Regions of the cylinder head may be represented using a ID analysis method. An as-
cast duct is assumed for the coolant-side. The ID analysis is useful for establishing
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trends, such as the effect of increasing coolant velocities on metal temperatures. This 1- 
D analysis should only be regarded as representative of heat transfer in a cylinder head. 
The 3D heat transfer aspects are addressed by using finite element analyses, chapter 4.
7 .2  C o o l a n t  m o d e l l in g
The modelling of flow boiling is based around the works of Rohsenow and Chen, 
sections 3.3.3. Several models are tested initially, including Rohsenow, Chen, Thom 
and Cipolla.
7.2.1 Comparison of several models
A comparison of predictions of the Rohsenow model, equation 3.31, and the Chen 
model, equations 3.34 and 3.37, is undertaken in figure 7.1a to c for the default test. 
The default test is: copper test piece, 0.25 m/s velocity, 10x5 duct, 90 °C inlet 
temperature and 2 bar exit pressure. Figure 7.1a shows heat flux density versus surface 
temperature; figure 7.1b, the combined heat transfer coefficient, equation 6.9, versus 
surface wall temperature and figure 7.1c, the bubble Reynolds number versus non 
dimensional wall superheat.
In all cases, the Dittus Boelter equation, equation 3.7a, is used to define the forced 
convection component for superposition. Superposition is defined either in terms o f the 
heat flux, equation 3.9, or the heat transfer coefficient and temperature differential, 
equation 3.40. The subsequent discussions assume that this is the case although it is not 
explicitly stated.
Also included in these figures are models by Thom and Cipolla, equations 3.43 and 3.44 
respectively. These two models are not used in their correct form since super-position 
is viewed slightly differently. The assumption, in the present context of super-position, 
is that the pool boiling flux component is added to the forced convection component, at 
all positive wall superheats, section 3.3.3. However, an alternative to adding the 
convection and boiling fluxes together is to “merge” the convection component with the 
fully developed boiling component. A region of “partial boiling”, BCDE, is used to 
“merge” the convection region, AB, to the fully developed boiling region EF, figure 7.2. 
The Thom or Cipolla model should be used to define the heat flux for the fully 
developed boiling region alone. In other words, the convection regime gives way to the 
boiling regime. Further calculations are required to define the partial boiling regime 
and institute this method of “merging”. Hence, the simplicity obtained in using the
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Rohsenow method and correlation is lost. However, this method should be tested and is 
a recommendation for future work.
For this particular test case, the convection component is small and is not significant 
compared to the nucleate component. The error in adding the convection component to 
the boiling component is therefore expected to be small
The constant flux represents the CHF and transition region. The CHF model used is 
that of Zuber, which is described in detail in section 7.2.6.
The Thom nucleate model is shown to greatly over-predict, whereas the Chen model, 
with the Bhowmick et al suppression, equation 3.41, and the Rohsenow model all 
largely under-predict. The Chen model appears to be the most accurate. The Cipolla 
model shows promise but cannot be used against all rig data for reasons as described 
above. The Cipolla remains a strong candidate for future work due to its simplicity.
7.2.2 Convection
The model used for predicting the convective heat transfer in all cases is that of Dittus 
Boelter, equation 3.7a.
A comparison of the predicted versus the experimental heat transfer coefficient for 
copper is shown in figure 7.3a. Most of the data is under-predicted and there is a cluster 
of low experimental, HTC points at more than 20% under-prediction. These points of 
large under-prediction are predominately in the flow transition range, with Reynolds 
numbers of 2,100 to 10,000. The large under-prediction is not therefore surprising as 
the Dittus-Boelter algorithm was developed for the fully developed turbulent flow 
regime. Most of the high number experimental heat transfer coefficients, are in the 
turbulent regime, and are under-predicted in the band 0 to 20%. A small batch of data 
at 2 m/s and 40 °C is over-predicted by more than 20%, but conversely other data, also 
at 2 m/s and 40 °C, is under-predicted by more than 20%.
The range in Reynolds number for this experimental data is from 2,000 to 33,000. This 
indicates that the flow is in either the transition regime or the fully turbulent regime.
Predicted convective versus experimental data for the smooth aluminium and as-cast 
aluminium is shown in figure 7.3 b and c, respectively. A similar pattern to that 
described for the copper data is shown.
The mean error in the predicted heat transfer coefficient, herror-> or mean deviation, 
Wambsganss et al [1993], may be defined as follows:




1 ^  |^«P hpre 
n T  h'exp
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hexp and hpre are the experimental and predicted heat transfer coefficients, respectively. 
The mean error in the predicted convective heat transfer coefficient for the smooth 
copper, aluminium and as-cast aluminium data is shown in table 7.1:





Table 7.1 Mean error in convective heat transfer correlation
The equations of Petukhov et al (1970) and Gnielinski et al [1976] can be used to 
improve the accuracy of the convective heat transfer predictions and include the effects 
of surface roughness, Incropera and DeWitt [1990]. The Gnielinski correlation was 
developed to cover the transition regime as well as the turbulent regime. The Cipolla 
correlation for convection, equation 3.7b, was devised for a combined developing 
hydrodynamic and thermal entry length. This algorithm is not entirely appropriate in 
the present context. The rig test section has a developing thermal boundary layer but 
the hydrodynamic boundary layer may have already developed in the unheated entry 
length, depending on the duct height used. Examination of these algorithms, however, 
is outside the scope of this thesis, which concentrates on boiling. A recommendation 
for future work is that these examinations be carried out.
7.2.3 Forced convection and boiling for copper
It is recommended that the model for nucleate boiling not be judged on its own but as 
part of the whole flow boiling correlation, section 6.2.
A comparison of the performance of the following flow boiling correlations superposed 
on the Dittus Boelter correlation for forced convection heat transfer, equation 3.40, was 
undertaken:
a) Chen, equations 3.34 and 3.37
b) Chen with Bhowmick et al suppression equations, 3.34 and 3.41
c) Rohsenow, equation 3.31
d) Rohsenow with modification A
e) Rohsenow with modification B
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Correlations for Thom and Cipolla, as noted in a previous section, section 7.2.1, are not 
discussed further due to the inappropriate method of application.
The performance of each correlation is defined in terms of the predicted heat flux versus 
the experimental heat flux rather than heat transfer coefficient, since the Rohsenow 
correlation is defined in terms of flux rather than heat transfer coefficient.
Data for the Chen correlation with Bhowmick et al suppression shows a reasonably 
uniform under-prediction, with most data more than 20% under-predicted, figure 7.4a. 
The increased suppression of nucleate boiling, devised by Bhowmick et al, is not 
appropriate in the present context. The Bhowmick et al suppression factor was 
developed on an axi-symmetric rig.
Predicted versus experimental heat flux data using the Rohsenow correlation shows that 
the experimental data is predominately under-predicted, figure 7.4b. Detailed 
discussions and reasons for this under-prediction are covered in chapter 6, sections 
6.1.8, and 6.2 to 6.5. A performance improvement can be made to the original 
Rohsenow correlation, equation 3.31, by re-interpreting the coefficient and exponent 
using data regression analysis.
The bubble Reynolds number data used is predominately at the default conditions of 
0.25 m/s, 90 °C and 2 bar. All data, where high velocity, high subcooling and low 
pressure has been shown to affect the bubble Reynolds number versus non-dimensional 
wall superheat data, sections 6.2 to 6.5, has been ignored for the correlation of this data. 
This data together with its correlation is shown in figure 7.5. The original Rohsenow 
correlation is also shown in figure 7.5 for comparison.




The performance of this correlation shows an improvement over that of the original 
Rohsenow correlation, figure 7.4b, but the predicted data is still scattered with a large 
amount of under-prediction, figure 7.6a. Equation 7.2 does not account for the changes 
that coolant velocity suppression, inlet subcooling and pressure, have on the bubble 
Reynolds number, sections 6.2 to 6.5.
A further improvement can be made to equation 7.2 by including the preceding effects 
in the Rohsenow modified correlation B, equation 7.3:




V' V Ja \1 .9 2
ini A d e f K
Pr 1.7
7.3
Each factor is a non-dimensional attempt to account for velocity suppression, Vde/V, 
inlet subcooling, TsaJTinu and pressure, PJPdef, respectively. The velocity suppression 
factor, Vnn/V, only operates at velocities greater than the low flow limit velocity, Vum. 
The low flow limit velocity, 0.8 m/s, is considered as the limit for the low flow data 
where no velocity suppression takes place. The effect of subcooling is modelled by the 
subcooling enhancement factor, (Tsa/T w ), where the greater the level of subcooling, the 
higher the subcooling factor. Similarly, a reduction in the system pressure below the 
default value, Pdef-, of 200 kPa, reduces the pressure factor P JPdef. These default values 
are summarised in table 7.2.
Defined conditions Value




Table 7.2 Defined limit and default parameters used in equation 7.3, the modified 
form B of the Rohsenow equation.
The improvements made to the predicted heat flux density, by using equation 7.3, can 
be observed by a slight reduction in scatter, figure 7.6b. However, these improvements 
are still not as good as the performance of the Chen correlation, figure 7.6c.
The predicted data using the Chen correlation shows a reasonably uniform spread 
within the ±20 % error bandwidth. However, a number of data points, at the higher heat 
fluxes, are over-predicted and by more than 20 %. The performance of the Chen 
correlation is examined in more detail subsequently.
The mean error in the predicted heat flux is calculated using the same method as that for 
the mean error in the heat transfer coefficient, equation 7.1. The mean errors for each 
flow boiling correlation are summarised in order of accuracy in table 7.3:




Rohsenow Modification B 22
Rohsenow Modification A 26
Chen with Bhowmick et al suppression 34
Rohsenow 57
Table 7.3 Mean error in predicted flow boiling heat transfer correlations for 
smooth copper data
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7.2.4 The Chen correlation for flow boiling
7.2.4.1 Coolant velocity
Figures 7.7a to c refer to the performance of the Chen flow boiling correlation against 
experimental data at the following conditions: copper test piece, 10x5 duct, 90 °C inlet 
temperature and 2 bar exit pressure.
The variations in heat flux density and combined heat transfer coefficient versus surface 
temperature with coolant velocities at 0.25, 0.5 and 2.0 m/s are shown in figure 7.7 a 
andb respectively. Figure 7.7c shows the bubble Reynolds number versus non- 
dimensional wall superheat.
The convection regime for the 2 m/s data is clearly shown to be under-predicted, 
figures 7.7 a and b, as described previously in section 7.2.2. The Chen algorithm 
appears to identify the trend of higher nucleate suppression at higher velocities, 
figure 7.7c. However, the reduction in this suppression at higher wall superheats does 
not seem to be adequately identified. Overall, the Chen model seems to over-predict the 
nucleate component at higher wall superheats, figure 7.7 c. Add this over-prediction to 
the under-prediction of the convective component and a reasonable estimate in the flow 
boiling regime is obtained, figure 7.7a and b. This observation adds to the reasoning 
that the inter-relation between convection and boiling, discussed in section 6.2, needs to 
be examined further. This requires more data at high convection rates, however.
The boiling number indicates the ratio of the boiling flux to the fluid mass flow, 
section 3.3.1.2. Boiling numbers greater than 3x1 (T* to 5x1 O'4 are regarded as being 
predominately due to boiling rather than forced convection, Le. the data for 0.25 and 
0.5 m/s is boiling dominated. The boiling number at high wall superheats is over- 
predicted due to the over prediction of the flux by the Chen model.
7.2.4.2 Diameter
Figures 7.8a to c refer to the performance of the Chen flow boiling correlation against 
experimental data at the following conditions: copper test piece, 0.25 m/s coolant 
velocity, 90 °C inlet temperature and 2 bar exit pressure. Ducts of 10x5, 10x10 and 
10x50 mm widthxheight are compared.
Little significant variation is shown for changing duct dimensions both in the low flow 
convective and flow boiling regimes. Increasing the duct diameter reduces the forced 
convective heat transfer coefficient slightly. Increases in the Reynolds number of the
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Dittus-Boelter equation, equation 3.7a, are counteracted by the effect of hydraulic 
diameter in the Nusselt number. Simultaneously, the Chen boiling suppression factor 
increases with hydraulic diameter.
7.2.4.3 Inlet temperature
Figures 7.9a to c refer to the performance of the Chen flow boiling correlation against 
experimental data at the following conditions: copper test piece, 0.25 m/s coolant 
velocity, 10x10 duct and 2 bar exit pressure. Inlet temperatures of 40 °C and 90 °C are 
compared.
The increase in the bubble Reynolds number or vapour leaving the heated surface for 
the lower inlet temperature is well represented by the Chen algorithm, figure 7.9c. This 
increase in vapour leaving the surface is also replaced by cooler bulk fluid, section 6.4. 
These large increases in bubble Reynolds numbers, when transferred to the heat flux are 
observed only as modest and constant increases over the range of surface temperature, 
figure 7.9a. The large changes in the nucleate component are masked and over­
shadowed when added to the convective component. The higher values of the wall to 
bulk temperature differential, Tw-T^  over-shadow the values of the wall superheat, 
T w - T s a t .
7.2.4.4 Pressure
Figures 7.10a to c refer to the performance of the Chen flow boiling correlation against 
experimental data at the following conditions: copper test piece, 0.25 m/s coolant 
velocity, 10x5 duct and 90 °C inlet temperature. System pressures at 1.2 and 2 bar at 
exit are compared.
The Chen algorithm identifies the increased thermal energy required to produce and 
develop bubbles at higher pressures, section 6.5. However, the level of this increase is 
not identified correctly, figure 7.10c. This is observed as a greater over-prediction at 
the lower pressures, whereas the default pressure, 200 kPa, is adequately represented, 
figures 7.10 a and b.
7.2.4.5 Fluid temperature rise
The overall temperature rise is modelled using the thermal energy absorbed by the 
coolant, equation 6.5. A comparison of the predicted and the experimental temperature 
rise versus wall superheat at the coolant velocities of 0.25, 0.5 and 2.0 m/s is shown in 
figure 7.11. There are inaccuracies in the experimental measurement, section 6.1.5.
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However, the over-prediction of the flux at high wall superheats by the Chen algorithm 
leads to the over-predicted temperature rise. The greater heat fluxes due to boiling lead 
to increases in the outlet temperature. This effect is magnified further at low velocities, 
where the mass flows are lower. The loss of energy being carried away by the mass 
flow has to be made up by the increased fluid temperature rise.
7.2.5 Flow boiling for aluminium, smooth and as cast
Predicted versus experimental heat fluxes for smooth aluminium and as-cast aluminium 
are shown in figure 7.12a and b. There is a greater over-prediction of the experimental 
heat flux at the higher heat fluxes, 500 to 1000 kW/m2, for both the smooth and as-cast 
aluminium. This is similar to the copper data. However, the as-cast data shows a 
predominant under-prediction, around -20%, in the range 0 to 750 kW/m .
The mean errors for the Chen flow boiling correlation against experimental data for 
smooth copper and aluminium and as-cast aluminium are summarised in table 7.4:




Table 7.4 Mean error in convective heat transfer correlation
The roughness of the cast surface is more conducive to boiling as nucleation sites are 
“ready made” in the troughs, section 3.3.3.1 and 6.6. Hence, the prediction, which takes 
no account of roughness, under predicts the actual fluxes available from the rough 
surface at low superheats. However, this advantage is lost with higher fluxes since the 
peaks or asperities reduce the area available for boiling, section 6.6. The under 
prediction of as-cast surfaces is reduced at higher fluxes.
• Examination of the effect of roughness in prediction models is recommended 
7.2.6 CHF Modelling
The models devised by Rohsenow and Griffith, Zuber, and Lienhard and Dhir are 
devised for pool boiling under saturated conditions, equations 3.47 and 3.48, 
section 3.3.4. Only the pressure variation is accounted for and no account of inlet 
subcooling or velocity is included.
Attaining critical heat fluxes at low velocities only is consistent with the observations of 
other researchers, where increasing forced convection increases the CHF, section 3.3.4. 
The application of CHF models with a velocity component is difficult however. The
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range of operation of the purely empirical Mirshak et al CHF model, equation 3.49, is
model significantly exceed the values attained here experimentally.
The inlet subcooling may be accounted for by modifying the original Zuber CHF 
model, equation 3.49, by a subcooling factor, equation 7.4, Collier and Thome [1994]:
The inlet subcooling is denoted by ATsub- The coefficient B as devised by Ivey and 
Morris (1962), referenced in Collier and Thome is given as follows:
The product of the coefficient B and the subcooling is a dimensionless number very 
similar to the Jakob number.
In order to calculate the empirical critical heat fluxes, a given system pressure leads to 
the saturation temperature from which the properties are calculated.
• Hence, for the calculation of these CHF models, property data is a function of 
the saturation temperature.
This application of property data is different to calculations of fluid properties for 
convection and boiling, which are usually film temperature dependent. The thermal 
fluid boundary layer, at wall temperatures at and beyond the CHF, contains vapour 
predominately. Hence, the bulk fluid is insulated from the heated surface and it is 
therefore reasonable to assume that the fluid properties are more dependent on local 
saturated conditions rather than the bulk fluid and film temperature.
Predicted critical heat fluxes for the 50% by volume antifreeze are plotted against 
pressure for the Rohsenow and Griffith model and the Zuber model in figure 7.13. The 
Lienhard and Dhir model has been omitted from the graph for clarity since its 
characteristic is identical to the Zuber model but at a higher level. Critical heat fluxes 
for pure water are also shown for comparison. Also plotted in this graph, is the Zuber 
model modified for subcooling by Ivey and Morris, equations 7.4 and 7.5, with the inlet 
temperature at 90 °C. It is clear that the predicted CHF increases significantly with the 
level of pressure and subcooling.
Given the experimental highest heat fluxes and CHF data versus pressure, figure 7.14a, 
the Rohsenow and Griffith model appears to over-predict the CHF with the Zuber
strictly outside the operation of the current rig. Critical heat fluxes calculated using this
Q c h f  ~  Q c h f  (Zuber)x [l + BAT^ ] 7.4
7.5
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model being the closest to the experimental data. As has been discussed previously, the 
CHF is not pressure dependent alone. Removing the experimental highest heat flux 
data associated with high velocity, high subcooling (low inlet temperature) and high 
pressures from the data plotted in figure 7.14a results in the data shown in figure 7.14b. 
Although the level of subcooling appears to be significant to the CHF, the inclusion of 
the Ivey and Morris subcooled modification results in a significant overestimate of the 
CHF and is therefore left out of subsequent discussions.
The performance of the Rohsenow and Griffith, Zuber, Lienhard and Dhir and 












1287 1528 18.8 1252 -2.7 1424 10.6 2200 71.0
1123 1450 29.1 1173 4.4 1334 18.8 1963 74.8
1344 1454 8.2 1177 -12.5 1338 -0.4 1979 47.3
1237 1491 20.5 1214 -1.9 1380 11.6 2089 68.9
Smooth
Aluminium
1212 1513 24.9 1237 2.0 1407 16.1 2151 77.5
1201 1583 31.8 1307 8.8 1487 23.8 2349 95.6
Cast
Aluminium
982.9 1578 60.5 1302 32.5 1481 50.7 2354 139.5
Average 27.7 4.4 18.7 82.1
Table 7.5 CHF model predictions versus experimental values in kW/m . Percent 
increase (or decrease) in prediction relative to experiment
It is inappropriate to attempt to develop or modify any of these models in the absence of 
further experimental data. However:
• The Zuber model, equation 3.48, appears to be both the most accurate and 
conservative model in the present context. It is therefore used on all occasions 
unless otherwise specified.
• The most conservative assumption is to use the Zuber model unmodified for inlet 
sub-cooling or forced convection and for this reason is recommended.
The assumption that certain fluid properties are based on water data rather than that of 
the 50% mixture has been made, section 6.1.7. If the property data for the latent heat of 
vaporisation and surface tension is closer to that of ethylene glycol rather than water, 
reductions in the calculated critical heat fluxes will result. Data for ethylene glycol 
vapour is currently unavailable.
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The performance of the Zuber model and the Rohsenow and Griffith model may be 
compared against experimental data for the seven occasions where the CHF was 
attained. Four occasions for copper, figure 7.15a and 7.15b, and three occasions for the 
smooth, figure 7.15c, and as-cast aluminium, figure 7.15d. The Zuber model is clearly 
the most appropriate model to use.
7.3 One dimensional gas, metal and coolant modelling and predictions
The area of the cylinder head above the cylinder centre, the valve bridge or above the 
cylinder edge may be studied using a ID method, figure 7.16. An as-cast duct is 
assumed for the coolant-side. Considering the heat transfer in the valve bridge as one 
dimensional represents an over simplification, since the heat fluxes from the valves and 
the heat fluxes conducted through the port walls are not insignificant, sections 4.2.1 and 
4.2.2. However, the ID analysis is useful for establishing trends, such as the effect of 
increasing coolant velocities on metal temperatures. This 1-D analysis should only be 
regarded as representative of steady-state heat transfer in a cylinder head rather than the 
actual heat transfer. The 3D heat transfer aspects are addressed by using finite element 
analyses, chapter 4.
The heat transfer from the combustion gas is a function of the gas to gas-side wall 
temperature differential and the gas-side heat transfer coefficient, equation 7.6, 
section 4.2.1. There is no account of radiation.
The heat transfer through the cylinder head metal is obtained from Fourier’s law for 
steady state conduction, equation 6.1. The heat flux is a function of the cylinder head 
metal thickness, Y, and thermal conductivity, km, and the gas-side wall to coolant-side 
wall differential, equation 7.7:
Alternatively, these equations may be presented in the form of thermal resistances, 
Incropera and DeWitt [1990]. The thermal resistance for the gas-side convection, R COnv, 
is:
wall coolant 7.7
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n    (?*<» ^w all gas i  = — L _ ......................................................................................................................................................7.8
conv « 4
q is the heat transfer rate in W and A is the area normal to the heat transfer path. The 
thermal resistance for the conduction, RCOnd, path is:
wall gas Twall coolant )R  g   ? 9
q K A
Heat passes in series from the gas through the metal. Hence, the heat transfer rate may 
be expressed as the sum of the thermal resistances, Rtot, and the overall gas to coolant- 
side wall temperature differential, TgaS Twuii coolant•
Twall coolant )  1
K t - Z R =   ----------" 7




It is assumed that the area, A, normal to the heat path is the same for each element in the 
heat path. By using thermal resistances, a thermal barrier and/ or a layer of scale may 
be added to the gas-side face and the coolant-side face, respectively. The layer of scale 
may be added in terms of its thickness and conductivity similar to equation 7.9.
The resistance path may also include the coolant-side convection but in this analysis 
does not. The heat flux from the gas through the metal is calculated separately to the 
flux into the coolant. An iterative loop is designed such that a solution is obtained only 
if the gas/ metal flux density matches the coolant flux within a certain tolerance, 
10 W/m2 or 0.01 kW/m2. The advantage of this loop is that the coolant heat transfer can 
be non-linear and dependent on many factors but still be mathematically stable and 
convergent.
In the following discussions, one dimensional heat transfer from a hot combustion gas 
at 900 °C, through a 10 mm aluminium alloy metal wall to a coolant is considered. 
Default values for the gas and metal parameters used in the one-dimensional heat 
transfer models are as shown in table 7.6 unless otherwise specified.
Parameter Value
Gas temperature [°C1 900
Gas-side heat transfer coefficient [W/m* K] 1000
Metal thickness [mm] 10
Metal conductivity (Aluminium alloy) [W/m K] 145
Table 7.6 Default gas and metal parameters used in one-dimensional heat 
transfer models
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A rectangular duct is used to cool the metal, figure 7.16. The heat flux model for forced 
convection is based on Newton’s Law of cooling, equation 3.2, and the Dittus-Boelter 
definition of the heat transfer coefficient, equation 3.7a, unless otherwise specified. The 
result of the preceding discussions on flow boiling is that the Chen model, 
equation 3.34, is used in the subcooled superpositional flux, equation 3.40. Results of 
preceding discussions on CHF modelling indicate that the Zuber model CHF should be 
used, equation 3.48.
The default dimensions for the duct, table 7.7, are such that it is representative of part of 
a cylinder head, section 5.4.1. The area of the heated surface is the duct width x length. 
Since, a single value of the gas-side heat transfer coefficient is chosen for this heated 
area, the spatial variation from combustion chamber centre to outer edge is not 
represented within these 1-D models.
Parameter Value
Coolant velocity [m/sl 1
Duct width [mm] 10
Duct height [mm] 10
Duct length rmm] 50
Coolant temperature [°C] 90
Coolant pressure [kPa] 200
Table 7.7 Default coolant parameters for 50% antifreeze used in one-dimensional 
heat transfer models
These default parameters are used unless otherwise specified. Properties for the models 
are temperature dependent, section 6.1.6.
In the following discussions, a term for thermal flow or cooling flow effectiveness will 
be used and is therefore introduced, equation 7.11:
dTCooling flow effectiveness = — .............................................................................. 7.11
du
The cooling flow effectiveness is the rate of change of wall temperature with coolant 
velocity in °C/ (m/s) or °C s/m. The term is intended to represent the degree of 
effectiveness or ability that the coolant velocity has to cool or reduce the wall 
temperature and should therefore be negative. Positive values of thermal flow 
effectiveness represent increases in wall temperature.
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7.3.1 Variation in coolant velocity and gas-side conditions
The variation in heat transfer with coolant velocity and gas-side heat transfer coefficient 
is studied. The coolant range chosen is from 0 to 6 m/s, section 3.4.1. Gas-side heat 
transfer coefficients have been chosen in the range 500 to 1500 W/m2K. The values 
500, 750 and 1000 W/m2K, are typical values that are representative of the range of heat 
transfer coefficients found in a Ford cylinder head, sections 4.2.2 and 4.2.3. The value 
of 1500W/m2K is used as a maximum limiting value for observation purposes.
The gas-side wall temperature reduces with increasing coolant velocity, but increases 
with increasing gas heat transfer coefficient, figure 7.17a. Gas-side metal temperatures 
are maintained below the maximum limit for aluminium alloy of 240 °C, section 2.4.2, 
at all velocities. For the low gas-side heat input of 500 W/m2K, a 0 to 6 m/s velocity 
increase results in a reduction of 38 °C (22 %). At the high gas-side heat transfer 
coefficient, 1000 W/m2K, an increase in coolant velocity of 0 to 6 m/s results in a lower 






















-9.7 at 2.76 m/s 
-5.7 at 3.6 m/s
5,900 to 17,510 
(197 %) 
9,970 to 18,230 
(83 %)
Table 7.8 Changes to mettat temperatures and other factors for a change in
coolant velocity of 0 to 6 m/s and gas-side heat transfer coefficient.
The coolant-side wall temperature also reduces with increasing coolant velocity and 
increases with increasing gas heat transfer coefficient, figure 7.17b. At wall 
temperatures below *130 °C, the heat transfer regime is by forced convection only, 
since this temperature represents the saturation temperature of the 50% antifreeze. 
Hence, for the higher gas-side, heat transfer coefficients, 1000 and 1500 W/m2K, all of 
the velocity range, 0-6 m/s, is governed by flow boiling. At the lowest gas-side, heat 
transfer coefficient, 500 W/m2K, coolant velocities greater than *2.5 m/s lead to a pure 
forced convective only heat transfer regime, but is otherwise also governed by flow 
boiling. Coolant-side metal temperatures are cooled by values given in table 7.8.
Increasing coolant-side heat transfer coefficients, with velocity, are reducing both the 
gas-side and the coolant-side wall temperatures, figure 7.17c. The greater wall 
temperature reductions are obtained by the larger coolant-side heat transfer coefficient 
increase, 197 %, for the low gas-side value of 500 W/m2K, table 7.8. If the increase in
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the coolant-side, heat transfer coefficient is multiplied by its corresponding reduction in 
coolant-side wall temperature, the resultant change in heat flux is very small, 
figure 7.17d. The rise in coolant-side, heat transfer coefficient is being balanced by the 
reduction in coolant-side temperature differential The range of heat fluxes obtained 
when using the preceding heat transfer coefficients is in the range of 360 to 
1000 kW/m2. These heat fluxes are in the range given for engines, section 4.2.1. 
Hence, although there is a small limited amount of adjustment and control over the heat 
flux, there is still some adjustment to wall temperatures available by increasing coolant 
velocity.
The cooling flow effectiveness, equation 7.11, is greatest, when the heat transfer regime 
passes from flow boiling to pure forced convection, at 2.76 m/s for the lowest gas-side 
heat transfer coefficient, 500 W/m K, table 7.8 and figure 7.17e. Corresponding peaks 
in cooling flow effectiveness can also be observed together with their locus in 
figure 7.17e. The cooling flow effectiveness reduces significantly for further increases 
in flow velocity beyond the peak, Le. lA to Vi of the peak value. In addition, the peak 
value reduces as the level of heat input increases. This indicates that higher velocities 
are ever less effective in terms of flow cooling.
The temperature rise of the coolant is greatest, at low velocities and high heat flux 
densities, due to the increase in heat flow for flow boiling over that of high forced 
convection, figure 7.17f.
The low velocities are dominated by flow boiling with the highest heat inputs giving the 
highest boiling numbers, figure 7.17g. Boiling numbers greater than 3x1 CT* to 5x1 (T* 
represent a greater proportion of the total flux given to boiling.
These results indicate that:
• Adjusting coolant velocities enables control over gas-side and coolant-side wall 
temperatures. The amount of this adjustment depends on the level of heat input. 
The level of heat input depends on the location within the cylinder head but not on 
the coolant velocity
• There is a greater level of cooling flow effectiveness at low flowrates, where flow 
boiling dominates
• Greater increases in outlet temperature may be obtained with flow boiling than 
with forced convection alone
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• Changes in metal temperatures with coolant velocity are achieved by affecting the 
heat transfer coefficient predominately. The changes in the flux are small
7.3.2 Effect of wall geometry and properties
7.3.2.1 Variation in metal thickness
An increase (or reduction) of 5 mm in wall metal thickness causes an increase (or 
reduction) of approximately 20 °C across the range of forced convection and nucleate 
boiling coolant velocities, figure 7.18a. There are small changes to the coolant-side 
surface temperature, figure 7.18b.
Also included in these figures is the effect of scale. 0.28 mm of scale at a conductivity 
of 1 W/m K adds 250 °C the gas-side metal temperatures. The conductivity of 
1 W/m K is regarded as the lowest value that could be used, section 2.4.5. Scale with 
these values has a significant effect because its resistance is almost comparable to that 
of the gas-side coefficient, table 7.9. The effect of scale would reduce significantly, if 
the conductivity were increased to 10 W/mK. The scale resistance would reduce 









Gas HTC 500 2.0E-03
Gas HTC 1,000 1.0E-03
Scale 0.28 1 2.8E-04
Cast Iron 10 48.1 2.1E-04
Coolant HTC 5,000 2.0E-04
Coolant HTC 10,000 1.0E-04
Aluminium 10 145 6.9E-05
Coolant HTC 25,000 4.0E-05
Table 7.9 Individual heat path resistances arranged in order of magnitude.
The effect of scale is greater on an aluminium alloy than a cast iron surface because the 
scale resistance is comparable to that of cast iron. Although it appears that scale can be 
significant to the overall heat transfer, it is emphasised that scale is seen as a symptom 
of the problem rather than the cause, section 4.3.1. However, once deposited scale 
exacerbates the problem. The modem formulations of antifreeze include inhibitors for 
scale so it’s significance should be reduced, section 3.4.3.
13.2.2 Comparison of aluminium and cast iron as wall material
The use of cast iron with a lower conductivity (Grade 260 at 48.1 W/m K) results in the 
gas-side wall temperature being approximately 80 °C hotter than aluminium alloy over 
the same coolant velocity range, figure 7.19.
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7.3.3 Effect of changes In coolant-side conditions
7.3.3.1 Variation in duct height/ hydraulic diameter
Duct heights of 5, 10, 15 and 50mm are chosen. The highest duct height chosen, 
50 mm, is used since this is the maximum height of the lower coolant deck above the 
valve bridge surface, section 5.3.
For the same coolant velocity, the gas-side wall temperature increases slightly with 
increases in duct height or hydraulic diameter, figure 7.20a. However, the change is not 
significant especially at low coolant velocities. Similar small increases in the coolant- 
side wall temperature, with increases in duct height or hydraulic diameter, may be 
observed, figure 7.20b. Increasing the duct diameter reduces the forced convective heat 
transfer coefficient, section 7.4.2.2. Simultaneously, the boiling suppression increases 
as defined in the Chen suppression factor, figure 7.20c. The cooling flow effectiveness 
reduces at the higher duct heights especially in the low flow regime, figure 7.20d.
The level of coolant flow rate required, to maintain a particular gas-side temperature, is 
much greater for the highest duct, figure 7.20e. To maintain a gas wall temperature of 
200 °C requires 4.3 1/min for the 5mm duct height, whilst 79.2 1/min is required for the 
50 mm duct height due to the cross sectional area increase. In addition, the high 
flowrate at high duct heights reduces the temperature rise through the heated region, 
figure 7.20f.
It seems to be advantageous to design with small passages to:
• Maintain cooling flow effectiveness
• Reduce coolant flows
• Increase temperature rise through the heated section
7.3.3.2 Changes in inlet sub-cooling
Reducing the coolant inlet temperature from 90 °C to 30 °C (increasing the inlet sub­
cooling from 38 °C to 98°C) produces significant reductions to the gas-side wall 
temperature at the higher coolant velocities, figure 7.21a and table 7.10.





















-5.7 at 3.6 m/s 
-22.3 at 2.4 m/s
Table 7.1I) Changes to mettal temperatures and other factors for a change in
coolant velocity of 0 to 6 m/s and inlet subcooling.
The higher bubble escape velocities and inrush of cooler fluid at high subcooling 
reduces the metal temperatures more effectively. Hence, pure forced convection rather 
than flow boiling, governs more of the velocity range, figure 7.21b. The effect of the 
high inlet subcooling is to increase the heat flux extracted, figure 7.21c. This is the 
result of an increase in the overall temperature differential, Tgas -  Tcooiant, for the high 
subcooling.
Increasing the subcooling causes significant increases in the peak cooling flow 
effectiveness and also reduces the velocity at which the peak occurs, figure 7.22c and 
table 7.10. The range of velocities over which the cooling flow effectiveness is greater, 
principally in the flow-boiling regime, also increases for the high subcooling.
The effect on the coolant temperature rise is almost identical whatever the degree of 
subcooling. Changes to the flux in the energy equation, equation 6.5, are balanced by 
the change in the inlet temperature.
Note: The increasing outlet temperature should be included into the calculation of the 
bulk temperature, Le. through equation 6.4. This is not currently undertaken, because it 
causes a mathematical instability in the 1-D network software. A recommendation for 
future work is that this be investigated and fixed.
These results indicate that:
• Changes in metal temperatures with inlet subcooling are achieved by affecting
both the heat transfer coefficient and the wall to bulk temperature differential
Hence, this enables control of both the metal temperatures and heat flux, although 
the heat flux changes are small. It remains to be seen whether this can be 
accomplished in an engine
• For “effective” cooling, it is advantageous to supply coolant at low inlet
temperatures. This may be accomplished by supplying coolant direct from the
radiator to the hottest parts of the cylinder head and not by way of the block
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• Cooling flow effectiveness is increased by low inlet temperatures and high levels 
of subcooling
7.3.3.3 Changes in system pressure
The system pressure may be set to reduce from the normal 200 kPa (absolute), 
section 3.4.2, down to atmospheric pressure, 100 kPa.
Both gas and coolant-side wall temperatures reduce with a reduction in system pressure, 
figure 7.22a and 7.22b. Although the lower pressure maintains lower metal 
temperatures across the range of velocities, it is not as effective in reducing metal 
temperatures, table 7.11.
System Gas-side Coolant-side Max cooling flow
pressure metal metal temperature effectiveness
[kPa] temperature 
change [°C]
change [°C] [°C/ (m/s)]
200 -28 (-14%) -30 (-19%) -5.7 at 3.6 m/s
100 -16 (-8%) -18 (-13%) -3.23 at 4.08 m/s
Table 7.11 Changes to metal temperatures and other factors for a change in 
coolant velocity of 0 to 6 m/s and system pressure.
The system pressure affects the flow-boiling regime but has little effect on the forced 
convection regime. Reductions in the system pressure allow the onset of nucleate 
boiling to take place at lower, coolant-side wall temperatures, due to the reduction in 
saturation temperature. However, the thermal energy transferred, due to boiling, also 
reduces. Hence, cooling of metal temperatures is less effective. This is observed in that 
the cooling flow effectiveness reduces with lower pressures, figure 7.22c and table 7.11. 
There is also a danger in attaining the CHF and transition boiling at the low pressures. 
It should be noted that the Chen algorithm appears to under-estimate the effect of 
pressure. Hence, these results are under-estimated.
These results indicate that:
• Lower pressures attain lower overall metal temperatures, but at the higher cost of 
reduced cooling flow effectiveness
7.3.3.4 Coolant heat transfer with and without boiling
The academic effect of removing the ability of the coolant to boil increases metal 
temperatures significantly at the low coolant velocities, figure 7.23a and b. Conversely, 
the cooling flow effectiveness is very high at the low velocity without boiling, 
figure 7.23c. The temperature rise of the coolant is also dominated by flow boiling, 
figure 7.23d.
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For this simplistic 1-D case, pure forced convection maintains temperatures below the 
maximum design temperature for aluminium alloy (240 °C) at 1.4 m/s and above, 
figure 7.23a. However, including flow boiling maintains temperatures below 240 °C at 
all velocities.
• These results confirm the importance and domination of nucleate boiling in 
maintaining metal temperatures especially at low flow rates
7.3.4 Critical heat fluxes based on axi-symmetric data
Based on the work of Finlay et al, it is suggested that small bore ducts, heated on all 
sides under pressure control, are susceptible to the CHF and transition boiling, 
section 4.3.1. A small bore rectangular duct of 5x5 mm at low pressure, 100 kPa, is 
simulated. The simulation is used to compare the CHF model based on axi-symmetric 
data, equation 4.3, to the recommended Zuber CHF model, equation 3.48. The axi- 
symmetric CHF model has low levels of CHF, section 4.3.1 and the Zuber model has 
higher levels of CHF, section 7.2.6. All other aspects of the model are as shown in 
tables 7.6 and 7.7. This 1-D simulation does not represent the real axi-symmetric small 
bore since heating on all sides is not included.
The effect of the reduced CHF and transition regime dominates at low velocities for the 
axi-symmetric based CHF model, figure 7.24 a and b. Control of metal temperatures is 
not attained until a coolant velocity of at least 1.75 m/s is supplied. Hence, small ducts 
heated on all sides should be avoided.
These results indicate that:
• For the CHF and transition boiling to be avoided in a critical thermal area, small 
bore ducts or tubes heated on all sides with low velocities and low pressures 
should be avoided
• Should a small bore tube be unavoidable in a cylinder head critical thermal area, 
two courses of action are recommended:
• Maintain a high coolant velocity in the small bore tube
• Supply the small bore tube direct from the pump. This increases the 
possibility of having a higher pressure in the tube than supplying the tube via 
the cylinder block, i.e. remove as many in-series pressure drops as possible
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7.3.5 The potential to control the metal temperature
The potential control of the metal temperature is considered to relate to the sensitivity or 
ability of a coolant parameter to adjust the metal temperature. These predictions are 
based on one dimensional, steady-state, gas, metal and coolant predictions using the 
models described previously. The real or actual control of the metal temperature relates 
to dynamic modelling and experimental testing, which have not been completed.
The potential to control metal temperatures by varying coolant velocities may not be 
determined by high heat inputs, high velocities, large ducts or low pressures, where the 
cooling flow effectiveness is very low. However, at low heat inputs, low velocities or 
low inlet temperatures, flow boiling increases the cooling flow effectiveness.
Changes in each coolant parameter may be judged by comparing the gas-side metal 


















Coolant m/s mm °C KPa
velocity
1 to 6 m/s 500 - 10x10 90 200 -31 (-18%) 4.8 (-64%)
1 to 6 m/s 1000 - 10x10 90 200 -24 (-12%) -0.54 (14%)
Duct height
10x50 to 10x5 1000 1 - 90 200 -2 (-1%) -3.0 (143%)
mm




90 to 30 °C 1000 1 10x10 - 200 -7 (-3%) -6.3 (158%)
90 to 30 °C 1000 6 10x10 - 200 -39 (-22%) -1.3 (29%)
Pressure
200 to 100 kPa 1000 1 10x10 90 - -13 (-6%) 1.8 (-45%)
200 to 100 kPa 1000 6 10x10 90 - -3 (-2%) 1.62 (-36%)
Note: 'Negative values for the change in cooling flow effectiveness are required, together with 
positive percentage changes i.e. values in bold
Table 7.12 Effect of changes in coolant parameter on gas-side metal temperatures 
and cooling flow effectiveness
Coolant velocity changes have the greatest effect on the simulated metal temperature. 
(Coolant velocity has the greatest range available apart from duct height.) All other 
parameter changes produce small changes in metal temperature with the exception of 
the inlet temperature change at 6 m/s, table 7.10. This change (at 6 m/s) in metal 
temperature is also influenced by the change in flux density with inlet temperature.
The greatest increases in cooling flow effectiveness (higher negative values) are 
achieved by reducing the inlet temperature at 1 m/s, and reducing the duct height at
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1 m/s, table 7.12. Other parameter changes cause reductions in cooling flow 
effectiveness, Le. positive changes reflect a lower negative cooling flow effectiveness. 
This data, together with the value and location of the peak cooling flow effectiveness, 
tables 7.8, 7.10 and 7.11, shows that the flow-boiling regime has great potential for 
cooling flow effectiveness.
The non-linear natures of the variation in metal temperature and cooling flow 
effectiveness make the preceding assessments in one dimension difficult. A 
recommendation for future work is to attempt to plot the metal temperature and cooling 
flow effectiveness using 3-D maps. However, in a 3-D map the variation in metal 
temperature or cooling flow effectiveness can only be examined with any two of the 
four parameters at any one time.
The small changes in metal temperature at the default 1 m/s velocity, for changes in 
inlet temperature and pressure have meant that efforts to assess alternative 
effectiveness’s have not been successful. These are the inlet temperature effectiveness 
or the rate of change of metal temperature with changes in inlet subcooling, dTmetai/dTmu 
and the pressure effectiveness or the rate of change of metal temperature with changes 
in system pressure, dTmetaJdp.
The control of metal temperatures may be implemented by changes to the coolant-side 
heat transfer coefficient or to the wall to bulk temperature differential in Newton Law of 
cooling, equation 3.2. The application of changes to the coolant velocity, inlet 
temperature and system pressure have direct influences on the coolant-side heat transfer 
coefficient. The change to the coolant bulk temperature influences both the coolant-side 
heat transfer coefficient and the wall to bulk temperature differential Since the metal 
temperatures, gas-side and coolant-side, are also dependent on the gas-side conditions, 
heat flux and metal material etc., the feedback of a metal temperature is required for 
metal temperature control, i.e. closed loop control.
These results show that:
• Currently, the most successful parameter for metal temperature control is velocity 
at the low end of the range (flow boiling) such that cooling flow effectiveness is 
maximised.
• It should be noted that this recommendation is based on work using the Chen 
model for flow boiling. Since the Chen model underestimates the effect of
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pressure, future 1-D modelling with improved pressure effects may increase the 
significance of pressure.
• The means of controlling metal temperatures is primarily through adjusting the 
heat transfer coefficient. By adjusting the coolant temperature, there is a means to 
adjust the local heat flux.
7.4 Su m m a ry
7.4.1 Coolant heat transfer modelling
In all cases, the Dittus Boelter equation, equation 3.7a, is used to define the forced 
convection component for superposition. Superposition is defined either in terms of the 
heat flux, equation 3.9, or the heat transfer coefficient and temperature differential, 
equation 3.40. The subsequent discussions assume that this is the case although it is not 
explicitly stated.
The Chen flow-boiling model, equations 3.7a, 3.34 and 3.37 and 3.40, is found to be the 
most accurate against the experimental data presented in this work. Inaccuracies in the 
Chen model for suppression and pressure prediction in the current experimental context 
are emphasised. The Chen model does not include a roughness factor and is less 
accurate with rough surfaces.
The Zuber model, equation 3.48, is found to be the most accurate compared against the 
experimental critical heat fluxes. (The Zuber model is pressure dependent only.) 
Although coolant velocity and inlet temperature are reported to increase the CHF, these 
effects are ignored such that the CHF model recommendation is conservative.
Recommendations for further work:
• Check the partial boiling or “merging” method. This method can be used to
include and test both the Thom and Cipolla models shown in this work
• Subject to results of the previous recommendation, undertake the following:
• Modify the Chen boiling suppression in favour of convection suppression. 
Modify the Chen pressure dependence such that the heat transfer follows 
changes in pressure more accurately.
• OR
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• Re-examine the Rohsenow, Thom, Cipolla and modified Rohsenow models to 
further improve the convection suppression, subcooling and pressure 
dependence effects
• Examine the effects of roughness in flow boiling models
• Obtain further experimental CHF data that is required to examine the effects of
coolant velocity and inlet temperature more precisely
7.4.2 One dimensional gas, metal and coolant modelling and predictions
As a result of one dimensional steady state gas, metal and coolant predictions, the
recommendations are:
Coolant velocity
• Adjusting coolant velocities enables control over gas-side and coolant-side wall 
temperatures. The amount of this adjustment depends on the level of heat input. 
The level of heat input depends on the location within the cylinder head but not on 
the coolant velocity
• There is a greater level of cooling flow effectiveness at low flowrates, where flow 
boiling dominates
• Greater increases in outlet temperature may be obtained with flow boiling than 
with forced convection alone
• Changes in metal temperatures with coolant velocity are achieved by affecting the 
heat transfer coefficient predominately. The changes in the flux density are small
Duct height
It seems to be advantageous to design with small passages to:
• Maintain cooling flow effectiveness
• Increase temperature rise through the heated section
• Reduce coolant flows
Inlet temperature
• Changes in metal temperatures with inlet subcooling are achieved by affecting 
both the heat transfer coefficient and the wall to bulk temperature differential. 
Hence, this enables control of both the metal temperatures and heat flux, although
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the heat flux changes are small It remains to be seen whether this can be 
accomplished in an engine
• For “effective” cooling, it is advantageous to supply coolant at low inlet 
temperatures. This may be accomplished by supplying coolant direct from the 
radiator to the hottest parts of the cylinder head and not by way of the block
• Cooling flow effectiveness is increased by low inlet temperatures and high levels 
of subcooling
System pressure
•  Lower pressures attain lower overall metal temperatures, but at the higher cost of 
reduced cooling flow effectiveness
Critical heat flux
• For the CHF and transition boiling to be avoided, small bore ducts or tubes heated 
on all sides with low velocities and low pressures should be avoided
• Should a small bore tube be unavoidable in a cylinder head, critical thermal area, 
two courses of action are recommended:
• Maintain a high coolant velocity in the small bore tube
• Supply the small-bore tube direct from the pump. This increases the 
possibility of having a higher pressure in the tube than supplying the tube via 
the cylinder block, le. remove as many in-series pressure drops as possible
The potential to control the metal temperature
•  Currently the most successful simulated parameter for metal temperature control 
is velocity at the low end of the range (flow boiling) such that cooling flow 
effectiveness is maximised
• It should be noted that this recommendation is based on work using the Chen 
model for flow boiling. Since the Chen model underestimates the effect of 
pressure, future 1-D modelling with improved pressure effects may increase the 
significance of pressure
• The means of controlling metal temperatures is primarily through adjusting the 
heat transfer coefficient. By adjusting the coolant temperature, there is a means to 
adjust the local heat flux.
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Figure 7.1 Heat flux density and combined heat transfer coefficient versus 
surface temperature. Comparison of model predictions against 
experimental data. Copper test piece, coolant velocity=0.25 m/s, 10x5 
duct, inlet temperature = 90 °C, exit pressure = 200 kPa.
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Figure 7.1 Bubble Reynolds number versus non-dimensional wall superheat.
Comparison of model predictions against experimental data. Copper 
test piece, coolant velocity=0.25 m/s, 10x5 duct, inlet 


















Figure 7.2 Diagram representing the “merging” of convection and boiling by 
using a partial boiling region, Collier and Thome [1994].
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b) Smooth A319, convection only.
Figure 7.3 Predicted heat transfer coefficient versus experimental heat transfer 
coefficient for convection only. Smooth copper and smooth A319.
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c) As cast A319.
Figure 7.3 Predicted heat transfer coefficient versus experimental heat transfer 
coefficient for convection only. Data for as cast A319.
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Experimental Flux [kW/m2 K] 
b) Dittus-Boelter plus Rohsenow (CSf  = 0.0068, exponent = 3).
Figure 7.4 Predicted total flux versus experimental total flux for copper. The 
total flux includes both convection and boiling.
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Regression analysis of experimental data.
Rohsenow [1951] correlation with Cs/=  0.0068 and exponent = 3.
Figure 7.5 Predicted total flux versus experimental total flux for copper. The 
total flux includes both convection and boiling. Data for 0.1, 0.25, 0.5 
m/s, ducts of 10x5, 10x10, 10x50, the inlet temperature of 90 °C and 
the pressure of 200 kPa only are included.
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Experimental Flux [kW/m* K] 
b) Dittus-Boelter plus modified Rohsenow B.
Figure 7.6 Predicted total flux versus experimental total flux for copper. The 
total flux includes both convection and boiling. Dittus-Boelter plus 
modified Rohsenow A. Dittus-Boelter plus modified Rohsenow B.
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c) Dittus-Boelter plus Chen.
Figure 7.6 Predicted total flux versus experimental total flux for copper. The 
total flux includes both convection and boiling. Dittus-Boelter plus 
Chen.
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b) Combined heat transfer coefficient.
Exp: Experimental, Pre: Predicted.
Figure 7.7 Heat flux density and combined heat transfer coefficient versus 
surface temperature and coolant velocity. A comparison of the 
Dittus-Boelter Chen model predictions against experimental data. 
Copper test piece, 10x5 duct, inlet temperature = 90 °C, exit 
pressure = 200 kPa.
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c) Bubble Reynolds number (Reb) versus non-dimensional wall superheat.
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Figure 7.7 Bubble Reynolds number versus non-dimensional wall superheat 
and coolant velocity. Boiling number versus wall superheat and 
coolant velocity. A comparison of the Dittus-Boelter Chen model 
predictions against experimental data. Copper test piece, 10x5 duct, 
inlet temperature = 90 °C, exit pressure = 200 kPa.
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Figure 7.8 Heat flux density and combined heat transfer coefficient versus 
surface temperature and hydraulic diameter. A comparison of the 
Dittus-Boelter Chen model predictions against experimental data. 
Copper test piece, coolant velocity = 0.25 m/s, 10x5 duct, inlet 
temperature = 90 °C, exit pressure = 200 kPa.
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c) Bubble Reynolds number (Reb) versus non-dimensional wall superheat.
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Figure 7.8 Bubble Reynolds number versus non-dimensional wall superheat 
and hydraulic diameter. A comparison of the Dittus-Boelter Chen 
model predictions against experimental data. Copper test piece, 
coolant velocity = 0.25 m/s, 10x5 duct, inlet temperature = 90 °C, exit 
pressure = 200 kPa.
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b) Combined heat transfer coefficient.
Figure 7.9 Heat flux density and combined heat transfer coefficient versus 
surface temperature and inlet temperature. A comparison of the 
Dittus-Boelter Chen model predictions against experimental data. 
Copper test piece, coolant velocity = 0.25 m/s, 10x10 duct, exit 
pressure = 200 kPa.
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c) Bubble Reynolds number (Reb) versus non-dimensional wall superheat.
Figure 7.9 Bubble Reynolds number versus non-dimensional wall superheat 
and inlet temperature. A comparison of the Dittus-Boelter Chen 
model predictions against experimental data. Copper test piece, 
coolant velocity = 0.25 m/s, 10x5 duct, exit pressure = 200 kPa.
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b) Combined heat transfer coefficient.
Figure 7.10 Heat flux density and combined heat transfer coefficient versus 
surface temperature and pressure. A comparison of the Dittus- 
Boelter Chen model predictions against experimental data. Copper 
test piece, coolant velocity = 0.25 m/s, 10x5 duct, inlet 
temperature = 90 °C, exit pressure = 200 kPa.
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c) Bubble Reynolds number (Reb) versus non-dimensional wall superheat.
Figure 7.10 Bubble Reynolds number versus non-dimensional wall superheat 
and pressure. A comparison of the Dittus-Boelter Chen model 
predictions against experimental data. Copper test piece, coolant 
velocity = 0.25 m/s, 10x5 duct, inlet temperature = 90 °C, exit 
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Figure 7.11 Temperature rise across test section versus wall superheat and 
coolant velocity. A comparison of prediction against experimental 
data. Copper test piece, 10x5 duct, inlet temperature = 90 °C, exit 
pressure = 200 kPa.
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b) Dittus-Boelter plus Chen for as-cast A319.
Figure 7.12 Predicted total flux versus experimental total flux. The total flux 
includes both convection and boiling. A) Dittus-Boelter plus Chen for 
smooth A319. b) Dittus-Boelter plus Chen for as-cast A319.
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Figure 7.13 Critical heat flux (CHF) flux versus pressure. A comparison of model 
predictions for both 50% antifreeze to water and pure water. 
Rohsenow and Griffith (1960) compared with Zuber (1958).
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b) Data includes low velocities, 0.1, 0.25 and 0.5 m/s, all duct heights, inlet 
temperature = 90°C, low pressures. I.e. All high velocity data, low inlet 
temperature and high pressure data including and above 180 kPa are excluded.
Figure 7.14 Highest heat flux densities attained for each copper test versus 
pressure. Data includes attainment of the critical heat flux (CHF). A 
comparison of model predictions for both 50% antifreeze with 
experimental data. Rohsenow and Griffith (1960) compared with 
Zuber (1958).
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a) Heat flux density versus surface temperature at 0.25 m/s.
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b) Heat flux density versus surface temperature at 0.5 m/s.
Figure 7.15 Heat flux density versus surface temperature, where the CHF has 
been attained. A comparison of the Rohsenow and Griffith (1960) 
and Zuber (1958) model predictions against experimental data. 
Copper test piece, inlet temperature = 90 °C and low pressure at 100 
to 120 kPa.
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c) Heat flux density versus surface temperature for smooth A319.
Smooth copper and A319 test pieces, coolant velocity = 0.25 m/s, 10x50 duct, inlet 
temperature = 90 °C and low pressure at 100 to 110 kPa. (Copper data included 
for comparison).
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d) Heat flux density versus surface temperature for smooth and as-cast A319.
A319 test pieces, coolant velocity = 0.25 m/s, 10x5 duct, inlet temperature = 90 °C 
and low pressure at 130 kPa.
Figure 7.15 Heat flux density versus surface temperature, where the CHF has 
been attained. A comparison of the Rohsenow and Griffith (1960) 
and Zuber (1958) model predictions against experimental data. 
Smooth and as cast A319 test pieces, inlet temperature = 90 °C and 
low pressure at 100 to 130 kPa. (Copper data included for 
comparison).
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b) Symbols applied to ID representation
Figure 7.16 A one dimensional environment for testing coolant heat 
models.
transfer
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Figure 7.17 Gas-side and coolant-side wall temperature versus coolant velocity 
and gas-side heat transfer coefficient. 1-D gas to coolant heat 
transfer.
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d) Flux density. 
Figure 7.17 Coolant-side combined heat transfer coefficient and flux density 
versus coolant velocity and gas-side heat transfer coefficient. 1-D gas 
to coolant heat transfer.
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Figure 7.17 Cooling flow effectiveness and coolant temperature rise versus 
coolant velocity and gas-side heat transfer coefficient. 1-D gas to 
coolant heat transfer.
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g) Boiling number.
Figure 7.17 Boiling number versus coolant velocity and gas-side heat transfer 
coefficient. 1-D gas to coolant heat transfer.
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Figure 7.18 Gas-side and coolant-side wall temperature versus coolant velocity 
and metal thickness. 1-D gas to coolant heat transfer.
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b) Coolant-side wall temperature.
Figure 7.19 Gas-side and coolant-side wall temperature versus coolant velocity 
and metal material type. 1-D gas to coolant heat transfer.
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b) Coolant-side wall temperature.
Figure 7.20 Gas-side and coolant-side wall temperature versus coolant velocity 
and hydraulic diameter. 1-D gas to coolant heat transfer.
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Figure 7.20 Chen “S” factor and cooling flow effectiveness versus coolant 
velocity and hydraulic diameter. 1-D gas to coolant heat transfer.
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f) Coolant temperature rise.
Figure 7.20 Gas-side wall temperature versus duct flowrate and coolant 
temperature rise versus coolant velocity and hydraulic diameter. 1-D 
gas to coolant heat transfer.
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b) Coolant-side wall temperature
Figure 7.21 Gas-side and coolant-side wall temperature versus coolant velocity 
and inlet temperature. 1-D gas to coolant heat transfer.

















d) Cooling flow effectiveness.
Figure 7.21 Heat flux and cooling flow effectiveness versus coolant velocity and 
inlet temperature. 1-D gas to coolant heat transfer.









Z  160 
(0





4 5 6 70 1 2 3
Coolant velocity [m/s] 
a) Gas-side wall temperature.
£ 240















4 5 6 70 1 2 3
Coolant velocity [m/s] 
b) Coolant-side wall temperature.
Figure 7.22 Gas-side and coolant-side wall temperature versus coolant velocity 
and pressure. 1-D gas to coolant heat transfer.
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Figure 7.22 Cooling flow effectiveness versus coolant velocity and pressure. 1-D 
gas to coolant heat transfer.
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Figure 7.23 Gas-side and coolant-side wall temperature versus coolant velocity.
A presentation of the influence of boiling. 1-D gas to coolant heat 
transfer.
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Figure 7.23 Coolant temperature rise and cooling flow effectiveness versus 
coolant velocity and pressure. A presentation of the influence of 
boiling. 1-D gas to coolant heat transfer.
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Figure 7.24 Gas-side and coolant-side wall temperature versus coolant velocity.
A presentation of the influence of a low CHF based on axi-symmetric 
data. 1-D gas to coolant heat transfer.
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Figure 7.24 Coolant temperature rise and cooling flow effectiveness versus 
coolant velocity and pressure. A presentation of the influence of a 
low CHF based on axi-symmetric data. 1-D gas to coolant heat 
transfer.
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8 I m p l ic a t io n s  o f  T in s  w o r k  o n  f u t u r e  e n g in e  c o o l in g
STRATEGIES
8.1 In t r o d u c t io n
This chapter starts by discussing and speculating on aspects of:
• Gas-side temperature and heat transfer Le. further discussions on the topics 
covered in section 1.2
This chapter then discusses and speculates upon:




• Proposed engine cooling strategies including:
Coolant specific 
Engine component specific 
Engine wide 
Cooling system wide
Gas-side temperature and heat transfer is discussed by summarising the topics covered 
in section 1.2 and some speculation occurs. In the light of the work so far presented in 
this thesis, the objectives of engine cooling are discussed under the headings of 
traditional and current. Future directions and requirements for engine cooling may be 
speculated upon. To attempt to accomplish the objectives and requirements of engine 
cooling, proposed strategies are discussed. Specific details are examined first before 
widening out the discussions. Hence, the engine strategies include; coolant, engine 
component specific and engine wide. Finally, although considered not fundamentally 
part of the remit of this thesis, the cooling system as a whole is discussed briefly.
8.2 E n g in e  h e a t  tr a n sfe r
Temperatures and heat transfer in the combustion chamber can have significant effects 
on the engine performance, emissions and efficiency in terms of fuel consumption and
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friction. Large amounts of the fuel energy may be passed into the coolant. Hence, the 
engine cooling system plays an important role in the overall operation of the engine.
8.2.1 Gas-side thermal aspects
High gas temperatures and low heat transfer are seen to reduce hydrocarbons (HC) and 
particulates but increase nitrogen oxides (NO*). However, excessively high 
temperatures cause combustion problems, such as knock in the spark ignition engine. 
With high gas temperatures, reductions in steady state HC emissions in the range of 10 
to 55% are reported, but there are also increases in NOx of 10 to 20%. Ceramics were 
used in the 1980s, to reduce particulates, and up-rate engine powers, by raising gas 
temperatures. Fuel consumption may be reduced due to improved combustion thermal 
efficiencies and lower friction. Fuel consumption is reported to reduce by 4 to 10%.
Conversely, low gas temperatures, whilst lowering levels of NOx, are seen to increase 
hydrocarbons and particulates. The increased heat transfer and lower wall temperatures 
lead to increases in charging efficiency. Cases are made for reducing cylinder head 
temperatures, to reduce knock for SI engines, whilst simultaneously increasing block 
temperatures to reduce friction.
Emissions are reported to be very responsive to transient conditions such as, engine start 
and warm up. Reductions in warm up time are reported to reduce HC and particulates, 
but with the corresponding increases in NOx. Shorter warm-up times are also reported 
to improve fuel consumption and improve passenger comfort in terms of improved 
cabin heating.
There are significant variations in the spatial gas-side heat transfer of the cylinder head. 
The heat transfer is low at the combustion chamber outer periphery and high at the 
cylinder centre. Hence, gas-side heat transfer is a local or spatially determined 
phenomenon, which may be balanced and controlled, by a local or spatially determined 
cooling phenomenon.
Since, both raising and reducing gas temperatures has simultaneous advantages and 
disadvantages in terms of emissions, performance and efficiency, a dynamic engine 
thermal control or management system is seen to have advantages over that of an engine 
without. The cooling system, by its nature, has dynamic capabilities, where insulation 
techniques using ceramic materials do not. The cooling system is able to respond to the 
different phases in the load cycle.
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A cooling system, that is off and stationary at engine start, may be used to reduce 
engine warm up times. This supersedes the performance of a thermostat, which limits 
the volume and path of the coolant.
Since, reducing some emission levels appears to be at the cost of other emissions, 
possibilities exist for a cooling system that can be tuned to work with exhaust gas after- 
treatments. The engine may be tuned to produce smaller quantities of the emission 
gases that cannot be treated. Simultaneously, the engine may produce more of those 
emissions that can be treated by the after-treatment process.
A strategy for reducing cylinder head temperatures and increasing block temperatures 
seems to be required.
8 .3  O b je c t iv e s  o f  e n g in e  c o o lin g
8.3.1 Traditional or historical
The traditional and primary view of the cooling system has been to cool the engine 
components and is thus:
• Limit maximum temperatures - prevention of component failure
8.3.2 Current
Current objectives include:
• Limit maximum temperatures - prevention of component failure
• Uniform temperature distribution - greater mechanical integrity and durability
• Uniform temperature distribution - reduction in bore and valve seat distortion
• Reduce engine friction leading to improved fuel consumption
• Reduce coolant pump powers
• Reductions in engine warm-up times leading to improved emissions
• Reductions in cooling system size and power requirements
• The above objectives at modest cost
8.3.3 Future
Future requirement of engine cooling systems may include:
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• More influence on passenger cab heating performance
• Engine temperature control
• Engine oil temperature control - within minimum and maximum limits, 
Hollis [1998]
• Control of combustion gas temperatures leading to control of emissions 
production
• Turbocharger power changes
8.4 Proposed engine cooling strategies 
Engine cooling strategies may be devised at three levels:
• Coolant specific
• Engine component specific
• Engine-wide
As part of a coolant specific strategy:
• Include local nucleate boiling (part of spatial targeting)
As part of an engine component specific strategy:
• Use low levels of coolant velocity
• Small but not minimal coolant galleries and passages
• Use low diameter angled jets (part of spatial targeting)
As part of an engine-wide strategy, the following methods may be employed:
• Employ a dynamic engine temperature control strategy
• Use a high efficiency electric coolant pump
• Remove the thermostat
• Use component temperature in a proportional, integral and differential (PID) 
feedback loop
• Dual circuit or reversed flow for increased cooling of the cylinder head and 
reduced cooling of the cylinder block i.e. better temperature distribution
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The perceived objectives and/ or requirements of the engine cooling system are shown 
in table 8.1.
T radrtional . . c —
_ .Future
Limit the engine 
com ponent maximum 
temperature for greater 
mechanical integrity
Redistribute temperature 
within the engine 
components leading to 




within the engine 
components leading to 
reductions in thermal 
stresses and greater 
component durability
Oil temperature range (Min 
to Max) control
Reduce engine friction 
leading to improved fuel 
consumption.
Turbocharger power 
increases via exhaust 
temperatures
Reduce coolant pump 
power
Dynamic control of metal 
temperatures and thus gas 
temperatures for emission 
control
Reduce the coolant + metal 
volume leading to a 
reduction in warm up times
Increase the hydraulic 
efficiency of the engine 
component passages and 
thus reduce the coolant 
pump power requirements
Reduce the coolant system 
size in terms of radiator 
and/ or fan size and power 
requirements.
Modest cost
Table 8.1 Perceived cooling system objectives and requirements
The traditional and current objectives have been demonstrated in one form or another in 
previous research. The challenge for the engine cooling, or engine temperature control 
system, designer is to accommodate all the current objectives together with, the 
potential future objective of dynamic control of combustion gas temperatures.
8.4.1 Coolant specific strategies
Of all the coolant heat transfer regimes (forced convection, nucleate boiling and 
transition boiling), nucleate boiling encompasses the highest flux density and heat 
transfer coefficient together with low flow requirements. Hence, it is the most efficient
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heat transfer regime for low power consumption. High heat flux densities and heat 
transfer coefficients may be obtained with high coolant velocities and forced 
convection, but at the cost of additional power. Nucleate boiling has high rates of 
change in heat flux density for small changes in surface temperature, thus providing 
potential for engine cooling control purposes. The greatest levels of “cooling 
effectiveness” occur in the flow-boiling regime.
Low flow nucleate boiling also has the useful potential of increasing the coolant 
temperature rise.
The critical heat flux is the point at which transition boiling starts. As such, it is 
considered as the limit of the nucleate boiling regime. Transition boiling appears to be 
a highly undesirable heat transfer regime.
8.4.2 Engine component specific strategies
Low flow, nucleate boiling, may represent the most important element of a “boiling 
enhanced” precision cooling strategy. This precision cooling strategy may be extended, 
to control low flow, nucleate boiling to a design heat flux point or points, below the 
critical heat flux. The level of this or these design points may increase as the 
confidence in the understanding and prediction of the level of the CHF grows. Further 
understanding and predictions, for the vapour production and pressure drops in an 
engine, are also required such that, the onset of flow instability (OFT) is better 
understood.
By tuning the effects of boiling, local spatial differences in gas-side heat transfer may 
be accommodated more effectively and therefore balanced. Thus, a system of “locally 
focused” spatial targeting and temperature redistribution may be devised.
The use of nucleate boiling, over the entirety of its range, may be limited by the amount 
of vapour volume production and the system accommodating the vapour. By restricting 
the boiling to a limited number of local areas only, large quantities of vapour formation 
may possibly be avoided. This requires further investigation.
Small bore heated ducts or cross-drillings lying adjacent and parallel to the flame deck 
have the inherent possibility of being blocked by vapour. The use of these small-bore 
passages embedded in high heat flux areas, should perhaps, be avoided. If use of such 
passages cannot be avoided, high flow velocities and high pressures should be used to 
prevent the onset of nucleate boiling within the tube. Large bore ducts and tubes should
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perhaps, be avoided, as they are expensive in terms of flowrates and coolant volume. 
Large coolant volumes are expensive for engine-warm up.
A “boiling enhanced” precision cooling strategy may prove to be superior to that of the 
(high flow) forced convection precision cooling strategies or the hot spot cooling only, 
traditionally employed.
Design changes to the cylinder head and block may be considered and adopted in terms 
of angled jets.
8.4.2.1 Angled iets
Further emphasis on the ‘locally focused” or spatial targeting, of the cooling system 
design, may be accommodated, using angled jets such as that illustrated in figure 2.3 
from International Harvester, Nunney [1992].
The installation and testing of angled jets is seen to be required due to their perceived 
ability to improve local heat transfer, Smith et al [1970]. This improvement may be due 
to the ability of a jet to apply one or all of the following conditions, which require 
testing:
a) High local coolant velocities at low diameters Le. low flow rates
b) Lower local inlet temperatures (high inlet subcooling). By supplying jets, direct 
from the radiator
c) High local pressures. By supplying jets, direct from the pump and thus avoiding 
some pressure drops
d) The location of the jet away from the thermal critical area. Avoiding the use of a 
heated tube allows a jet to be applied without vapour blockages
In order to supply the critical thermal regions, angled jets appear to be a practical and 
thermally effective solution, in terms of coolant velocity, subcooling and pressure. In 
view of the necessity to cool a number of critical areas, individual jets for each cylinder 
may be required. This may be achieved by having a coolant filled cavity, around the 
cylinder head valve bridge, into which a low diameter tube or pipe supplies a jet, close 
to and normal or inclined to the coolant surface.
The use of the cavity allows space for nucleate vapour formation, and dispersion away 
from the coolant surface, and the “non-heated” inclined jet may be used to inhibit the 
CHF and the onset of film boiling. If the inclined jet were to be supplied directly by the 
pump and radiator, the valve-bridge could receive a high level of inlet subcooling and at
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a high pressure. Coolant supplied to the cylinder head via the block is less likely to 
have high subcooling and high pressure. By using the jet to supply the coolant directly 
to the critical region, at a low inlet temperature and high pressure enhances the CHF 
avoidance.
Critical thermal regions in between cylinders of the cylinder block may also be supplied 
with angled jets if required. Coolant flowing from the top of the block to the bottom 
may maintain a greater uniformity in temperature. Heat extraction may thus maximised 
in the critical regions at the top of the liner and minimised at the liner bottoms. This 
direction of flow is contrary to the perceived flow direction of the vapour. Small 
vapour bubbles with low buoyancy may follow the direction of the fluid flow and only 
the larger more buoyant bubbles may tend to flow upwards. Steam vents may then still 
be a requirement, depending on the volume of vapour production.
By allowing the coolant to be elevated in temperature in the critical regions first, this 
fluid may be used to cool the components outer extremities less effectively, where it is 
not required. Thus, component temperature distribution and uniformity may be more 
effective. If the outer peripheries of the cylinder combustion chamber are increased in 
temperature relative to the chamber centre, the production of unbumed hydrocarbons in 
the peripheries may be reduced.
8.4.3 Engine-wide strategies
An engine wide strategy may employ elements of controlled component temperature 
cooling and dual circuit or reversed flow.
It is perceived that, the feedback of metal temperatures seems to be recommended over 
that of coolant temperatures in the cylinder head. Hence, temperature feedback from 
one or all of the critical regions such as the cylinder head valve bridges may be used as 
part of a closed loop control. Proportional, integral and differential (PID) control of the 
valve bridge temperature, by controlling an electric coolant pump and flow, may 
underpin the engine cooling control. Hence, monitoring and control of the critical metal 
temperatures of the engine may be enabled. This also leads on to the possibility of 
dynamic control of combustion chamber gas temperatures.
Since the flow boiling heat transfer coefficient or heat flux is dependent on the wall 
temperature, a metal temperature may be most effective in the feedback loop. An 
alternative of coolant temperature in the feedback loop relies on changing temperature
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differentials to change the flux; since the coolant temperature has a small effect on the 
convective heat transfer coefficient.
A significant advantage of an electric pump and temperature feedback is to allow the 
coolant to be stagnant during engine start. The pump switches on and coolant flows 
after a predetermined condition, such as a required high metal temperature, has been 
met to give faster warm-up than a conventional system. The requirement for the 
thermostat is also removed.
A dual circuit system represents the ideal control situation since, temperature control of 
the cylinder head may be undertaken independently of the cylinder block. However, 
this is costly since, two systems are required. A carefully designed reversed flow 
system with boiling may be more appropriate for production purposes. The dual circuit 
system is more suited for a prototype demonstrator engine.
The increases in bulk coolant temperature associated with low flow nucleate boiling 
may be used in a reversed flow strategy. The coolant temperature can be raised in the 
cylinder head before being passed to the cylinder block. By increasing the bulk 
temperature in the block, the fuel consumption savings associated with reductions in 
friction may be made, Willumeit et al [1984], Finlay et al [1989] and Couetoux and 
Gentile [1992]. In a reversed low flow boiling strategy, the coolant, preheated by the 
cylinder head, flows to the top of the block liner and out at the bottom. This system 
may then achieve the increased cooling of the cylinder head and reduced cooling of the 
block. Adopting a low flow, boiling strategy, in reversed cooling, may achieve higher 
fuel consumption savings than a conventional system. The temperature increases 
obtained by Ford and Yamaha were low to modest and, therefore, not enough to achieve 
the fuel consumption savings, section 2.3.3. To obtain fuel consumption savings, the 
order, of temperature increase required, is 30 °C (85 °C to 115 °C, Couetoux and 
Gentile, figure 1.4).
The increases in bulk fluid temperature obtained in an engine with boiling are 12 °C to 
17 °C, Porot et al [1997]. In order to obtain higher bulk fluid temperature increases, the 
lowest coolant flow rates may be accompanied by high levels of vapour generation, 
figure 2.5, Porot et al [1997]. The vapour suppression associated with subcooled 
boiling reduces as the bulk temperature rises. In other words, subcooled boiling 
becomes saturated boiling. The level of boiling required is dependent on the heat flux, 
which in turn depends on spatial location and engine operation level, part or full load. 
Hence the level of boiling required depends on the spatial location, engine operation
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level and level of vapour tolerable. The vapour generation may cause insurmountable 
difficulties for the engine and for the cooling systems that have to deal with it. Hence:
• A recommendation for future thermal flow bench (and engine) work is the 
monitoring of both vapour quantity and pressure drop versus heat flux and level of 
superheat
An independent parallel cooled engine may be required to accommodate large increases 
in bulk fluid temperature. Each cylinder is supplied with coolant independently ie. 
using jets. This system may therefore avoid the cylinder-to-cylinder thermal variation 
associated with the steady increase in bulk temperature for series flows, figure 2.1.
Alternatives to the temperature feedback include pressure feedback. This may prove 
more practical within an engine if not as effective. Other prototype engines have used 
variable pressures and variable flow rates, Gentile and Zidat [1993]. However, in view 
of the danger of inducing the CHF at low pressures, this option should be considered 
with care. An engine, which is pressure controlled, should also have to allow coolant 
stall to give the required fast warm-up.
Independent control of the cooling system, where the cooling pump is divorced from the 
crankshaft, should allow for a reduction in “after-boil” occurrences. For this reason, the 
cooling system should be used to control metal temperatures rather than coolant or oil 
temperatures.
A further advantage for an electric coolant pump occurs in allowing for pulsed or digital 
flows to take place. Pulsed flows may allow for a reduced load on the vehicle electric 
system over that of a continuous flow system.
Disadvantages for the above designs, include the possibility of increased heat loss from 
the engine to the engine compartment via convection and radiation. This may be 
considered important to electronic components housed in the engine compartment that 
cannot have high ambient temperatures.
The elements for an advanced engine cooling or temperature control system are 
contained in table 8.2.
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Coolant specific strategies Engine component specific 
strategies
Engine Wide strategies
Include local nucleate 
boiling
Control of cylinder head 
temperature (close to 
critical region)
Dynamic engine thermal 
management system
Low coolant velocities High efficiency electric 
coolant pump
Low diameter angled jets Component temperature in 
a proportional, integral and 
differential feedback loop
Small but not minimal 
coolant passages for low 
coolant volumes
Dual circuit or reversed 
flow system for increased 
cooling of the cylinder 
head and reduced cooling 
of the block
Cylinder block temperature 
control (if using dual circuit 
system)
Dynamically control and 
vary the engine component 
metal temperatures leading 
to control of combustion 
gas temperatures
Removal of traditional 
thermostat
Table 8.2 Elements of an advanced engine temperature control system. Include
local nucleate boiling as a fundamental part in a low flow “boiling 
enhanced” precision cooling strategy.
• The primary target, of engine cooling, is considered to be the ability to adjust the 
heat transfer, in the engine, such that it balances spatially and in time. Control of 
the overall, full power, heat flux to the coolant may be limited, as it is dependent 
on fuelling. However, the use of ceramics has indicated that, the heat balance 
may be spatially altered, i.e. locally adjusted such that, less heat goes to the 
coolant and more to the exhaust enthalpy. Perhaps, an engine cooling system may 
be tuned, to provide a similar spatial heat balance, from combustion chamber 
centre to edge, and from cylinder head to block. The balance in heat may then be 
used to provide uniformity in the component temperature. Similarly perhaps, the 
heat input and output may be balanced in time such that, both part load and full 
load, are both accommodated by the cooling system. The changes in fuelling, for 
part load and full load, may therefore be accommodated rather than designing for 
full load only
• These strategies need testing within an engine
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8.4.4 Cooling system design - Auxiliary components
The cooling system design in terms of auxiliary components and sizing has fallen 
largely outside of the scope of this thesis. However, directions for this system design 
may be obtained from the design of the engine and thus some progress towards this end 
may have been achieved.
The increased bulk temperatures, associated with flow boiling, may achieve the savings 
in the power requirements of both the fan and the coolant pump that, have been 
simulated by Kern and Ambros [1997].
If the coolant is stagnant at engine start, thereby allowing faster warm up of the coolant, 
a hotter coolant may be provided for release to the vehicle interior earlier than a 
conventional engine. Hence, cab-heating performance may be improved.
The sum of reduced coolant flows and increased engine outlet temperatures may allow 
for reductions in the size of the radiator. However, the reduction in heat rejection rates 
in the radiator, due to lower coolant flowrates, needs to be assessed, together with the 
change in radiator outlet temperatures and therefore engine inlet temperatures.
The proposed electronic control of pump flow-rate, inlet subcooling or system pressure 
and its effects on the rest of the coolant system needs investigation. For example, in 
order to change the inlet subcooling, the coolant flow through the radiator or the airflow 
through the radiator may be altered, but which of these two methods is the most 
efficient and the most cost effective?
8.4.4.1 Lumped parameter system modelling
The effects of the changes, to the engine and engine components, described previously, 
need investigation, in terms of their consequences on the design of the cooling system. 
These consequences apply to the design of auxiliary components such as radiator, 
passenger compartment heater, etc. and the operation or load scheduling of the cooling 
system. For example, how do these changes affect the ability of the cooling system to 
provide heat efficiently to the vehicle interior? Effects, such as a smaller pump and 
radiator, can be modelled using a lumped parameter approach, Sidders and 
Tilley [1997]. Currently, parametric changes to engine components, seem to be more 
effectively modelled, using the lumped parameter approach, than the more cumbersome 
FEA and CFD analyses.
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8.4.5 Integrated solid modelling by computer
The complex 3-D nature of the engine components, cylinder head and block, require 
sophistication and time to model An integrated solid modelling package, which can 
provide models and boundary conditions simultaneously, for translation into FEA or 
CFD analyses, would ease this task considerably.
In order for engine component design changes to be accomplished, such as changes in 
coolant passage geometries and installation of angled jets, the access to and use of 
component CAD databases, should precipitate the end design.
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9 C onclusions and  recom m endations
9.1 C o n c lu sio n s
The conclusions are presented under the following headings: a) Application of CAE by 
finite element analyses, b) experimental results, and c) modelling methodology and 
results.
9.1.1 CAE by finite element predictive analysis
A 3-D finite element analysis, of a small high-speed diesel engine cylinder head with 
simple boundary conditions, has been undertaken for both the convective and boiling 
situation. The results show that:
1. The maximum metal temperatures, obtained with flow boiling for a low velocity 
(=3000 W/m2K boundary condition), are lower than, the metal temperatures 
obtained with high forced convective coolant velocities (6000 to 11000 W/m2K 
boundary condition). The metal temperature distribution obtained with the flow- 
boiling scenario has more uniformity than that, obtained with high forced 
convective coolant velocities. These two situations indicate that, both the short-term 
integrity, and long-term durability, of the cylinder head should be enhanced through 
flow boiling.
2. It has been shown that the effects of heat fluxes from the valves, combined with the 
high fluxes from the flame face, provide a highly 3-D thermal problem, especially in 
the area of the valve bridge. This region needs effective cooling and spatial 
targeting, for which a boiling enhanced cooling strategy offers considerable scope, 
and potential, for precise temperature control
3. Although nucleate boiling is shown effective at providing uniform metal 
temperatures at low velocities, the CHF, which is the limiting factor, and transition 
boiling, must be avoided.
9.1.2 Experimental results including critical heat flux (CHF) observation
The thermal flow rig has allowed the salient coolant and geometric parameters, shown 
below in table 9.1, to be investigated.
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Heat flux densities up to  1500 [kW/m2]
Parameter
a) Coolant velocity [m/s]
b) Duct height [mm]
c) Inlet temperature [°C]











Table 9.1 Coolant and geometric parameter ranges tested experimentally using 
nucleate boiling in a short (50 mm) rectangular duct of 10 mm width. 
Coolant used: 50% by volume ethylene glycol (Motocraft Super plus 4 
EXC 401H) to distilled water antifreeze
The following conclusions are drawn:
1. Coolant velocity. Increasing velocity leads to increases in total heat flux at a certain 
surface temperature. Higher velocities appear to suppress boiling but only at low 
levels of wall superheat. At the higher wall superheats, boiling appears to dominate 
the convection boundary layer.
2. Inlet temperature. Increasing subcooling (reducing inlet temperature) appears to 
lead to increases in total heat flux at a certain surface temperature. For the greater 
level of subcooling, the average calculated velocity of bubbles leaving the heated 
surface appears to increase. It is considered that, these departing bubbles are 
replaced by the inrush of cooler fluid. This then leads to increases in boiling heat 
flux and the CHF with inlet subcooling.
3. System pressure. Decreasing system pressure leads to increases in total heat flux at 
a certain surface temperature, due to a reduction in the saturation temperature. 
Additionally, at the higher pressures, more thermal energy is required to generate 
and grow bubbles, which is observed as an increase in calculated bubble escape 
velocity and hence boiling flux density. This also appears to translate into higher 
saturated flux densities or higher critical heat fluxes. In addition, the higher 
pressure appears to result in slightly smaller calculated bubble sizes. More bubbles 
are therefore required to cover the surface in a blanket of vapour.
4. Duct height. Duct height appears to have no significant effect on flow boiling heat 
transfer over the range of rectangular duct sizes tested, 10x2.5 to 
10x50 (widthxheight).
5. Conversely, given a certain heat flux, increasing velocity, increasing subcooling and 
decreasing system pressure all lead to reductions in surface temperature. These
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results, generally, confirm the work of other researchers. The indications are that 
these coolant parameters may be used as the means to control metal temperatures.
6. CHF. For the range of heat fluxes tested, up to 1500 kW/m2, the experimental 
critical heat fluxes have only been attained at; low coolant velocities (< 0.5 m/s), 
high inlet temperatures (90 °C), and low system pressures (1.0 to 1.3 bar). These 
critical heat fluxes have been observed in the region of 980 to 1340 kW/m2 and are 
significantly higher than those attained by other researchers, which start at 
200 kW/m2. The CHFs attained are considered more representative of those that 
may be found in some, but not all, areas of the engine.
Overall experimental conclusions
Given the range of heat flux densities tested is 1500 [kW/m2], table 9.1, there is 
potential for nucleate boiling in engine cooling because:
1. At a typical cooling system pressure of 200 kPa, the working range of flow boiling 
as a heat transfer regime is considerably higher than the heat flux density obtained 
by a moderate velocity (2 m/s) forced convection regime. The range for flow 
boiling (up to 1500 kW/m2) represents an approximate fourfold increase over the 
forced convection regime (of up to 400 kW/m2). The range of heat fluxes for flow 
boiling extend up to the CHF at ~1000 kW/m2 under any condition tested in 
table 9.1.
The interaction between convection and boiling, to give flow boiling, is a complex 
relationship. At certain operating conditions, convection appears to dominate whilst, at 
other conditions, boiling appears to dominate. These experimental results have been 
generated to provide realistic magnitudes of the important system parameters, to be 
experienced in engine cooling galleries. This is a necessary precursor for attempting to 
understand any predictive modelling approach.
9.1.3 Modelling and predictions
A number of modelling methodologies have been benchmarked with regard to the 
experimental data realised in this work. The main difference between the modelling of 
previous researchers, and the work conducted here, is the duct geometry. Other 
researchers have developed modelling methodologies using mainly tubular ducts. 
These same methodologies have been applied and adapted to the rectangular rig in this 
work. The Dittus-Boelter model, equation 3.7a, is taken as the baseline for convective 
modelling. The general approach is to superpose a flow-boiling model on the Dittus-
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Boelter convective model. A number of flow-boiling models have been adopted and 
one has been modified. This superposition is related via the heat flux, equation 3.9, or 
through the heat transfer coefficients and temperature differentials, equation 3.40. A 
number of models for predicting the CHF have been compared to the experimental data.
Finally, the level, and uniformity, of the metal temperature is considered as the target 
for the engine-cooling designer. The potential to control the metal temperature is 
considered to relate to the sensitivity, or ability, of a coolant parameter, to adjust the 
metal temperature. One-dimensional modelling, of the gas, metal and coolant, has been 
carried out to study the sensitivity of each coolant parameter, in its ability to adjust the 
metal temperature.
The conclusions are that:
Flow boiling modelling
1. Given the experimental conditions tested, for short rectangular ducts in table 9.1, the 
sub-cooled form of the empirical Chen equations has been found to be the most 
accurate combination of algorithms for sub-cooled flow boiling, of those tested in 
table 9.2, for this particular application.
Flow boiling correlation Mean error 
(%)
Chen, equations 3.34 and 3.37 19
Rohsenow Modification B, equation 7.1 22
Rohsenow Modification A, equation 7.2 26
Chen with Bhowmick et ai suppression, equations 3.34 and 3.41 34
Rohsenow, equation 3.31 57
Table 9.2 Mean error in predicted flow boiling heat transfer correlations (heat 
flux and combined heat transfer coefficient)
2. Although the Chen model is the most accurate, of those models tested with the 
experimental conditions, tables 9.2 and 9.1 respectively, it over-predicts the low- 
pressure flux densities. The use of the Chen model in a cylinder head analysis at 
low pressure would result, possibly, in a non-conservative temperature distribution.
3. The Rohsenow modelling approach is based on non-dimensional heat transfer 
quantities and bubble mechanics, but requires experimental data, in the form of 
empirical coefficients and exponents, to be included. The root of the Rohsenow 
approach lies with bubbles leaving the heated surface, which is deemed applicable 
to cylinder head heat transfer. The basic Rohsenow approach has been modified, 
initially, with the imported experimental data and coefficients for the scored copper 
to antifreeze interface (modification A). Hence, the improvement in the
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performance of Rohsenow with modification A, over the original Rohsenow 
equation, is shown in table 9.2. Finally, an attempt has been made to tune the 
Rohsenow model for the variation in system parameters (modification B). These rig 
specific modifications have still fallen short of the Chen approach. However, the 
Rohsenow method has been found simple to adapt and is worthy of further 
consideration.
4. The root of the Chen modelling approach is based on non-dimensional heat transfer 
quantities, similar to those of Rohsenow, but the bubble mechanics are based in the 
superheated fluid and related to the heated surface by a suppression factor. The 
Chen model, however, does not require experimental determination of the empirical 
coefficient.
CHF modelling
5. Increases in velocity, subcooling and most significantly pressure appear to increase 
the level of the CHF. Given the range of experimental conditions shown in 
table 9.1, the Zuber model, equation 3.48, is recommended for modelling the CHF 
and is compared against the experimental data in table 9.3. The Zuber model is 
based on pressure only, does not include terms for velocity and subcooling but is 
closer to the experimental data than the Rohsenow and Griffith model, 









1287 1528 18.8 1252 -2.7 1424 10.6
1123 1450 29.1 1173 4.4 1334 18.8
1344 1454 8.2 1177 -12.5 1338 -0.4
1237 1491 20.5 1214 -1.9 1380 11.6
Smooth
Aluminium
1212 1513 24.9 1237 2.0 1407 16.1
1201 1583 31.8 1307 8.8 1487 23.8
Cast
Aluminium
982.9 1578 60.5 1302 32.5 1481 50.7
Average 27.7 4.4 18.7
Table 9.3 CHF model predictions versus experimental values in kW/m2. Percent 
increase (or decrease) in prediction relative to experiment
One dimensional gas, metal and coolant predictive analyses
Since this study is one-dimensional, the heat transfer can only be representative of that 
which, occurs in cylinder heads rather than the actual heat transfer. However, trying to 
model the coolant parameter changes in three dimensions would be very time, and
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resource, consuming. The conclusions are drawn from steady-state predictions using 
the heat transfer models studied in this work. The actual control of the metal 
temperature relates to dynamic modelling and experimental testing, which have not 
been completed in this work.
The range of coolant parameters tested in the one dimensional gas, metal and coolant 
predictive environment are shown in table 9.4:
Parameter Minimum Maximum
Heat transfer coefficient [W/m2K] 50G 1000
a) Coolant velocity [m/s] 0 6
b) Duct height [mm] 5 50
c) Inlet temperature [°C] 30 90
d) System pressure [kPa] 100 200
Table 9.4 Coolant and geometric parameter ranges tested in a one dimensional 
gas, metal and coolant computational predictive environment
The level of heat transfer coefficient depends on the location represented within a small 
high-speed diesel engine cylinder head. The three coolant parameters, velocity, 
subcooling and system pressure, affect metal temperatures and cooling effectiveness. 
The cooling flow effectiveness, equation 7.11, is defined as the ability of the coolant 
velocity to reduce wall temperatures.
1. Currently the most successful parameter, for metal temperature adjustment, is the 
coolant velocity at the low end of the range (flow boiling) such that, cooling flow 
effectiveness is maximised. It should be noted that, this recommendation is based 
on work using the Chen model for flow boiling, which appears to underestimate the 
change to low pressure. Hence, the effect of pressure may not be fully accounted 
for.
2. The means of adjusting the metal temperature is primarily through changing the 
coolant-side heat transfer coefficient. By adjusting the coolant temperature, there 
are means to adjust both the metal temperature and the local heat flux, however 
small
Changes to the hydraulic diameter do not cause significant changes to the heat flux or 
metal temperatures. However, the hydraulic diameter has a significant effect on the 
coolant flowrates required. Greater increases in bulk temperature may be obtained with 
low flow boiling than with forced convection alone.
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9.2  R e c o m m e n d a t io n s
The recommendations follow the areas of the experimental work and the modelling 
approaches.
9.2.1 Experimental work
1. The rig expansion tank was not completely sealed. A sealed system will allow for 
pressurisation of the inlet heaters and an inlet temperature of 120 °C to be 
reached. This inlet temperature, as well as increasing the range of the inlet 
temperature, as a coolant parameter, is seen to be required to account for the 
future increases in bulk temperature associated with flow boiling.
2. Electronically controlled valves, with feedback loops, for both test section and 
bypass and pressure, should enable much greater control of both coolant test 
section velocities and pressure. A pressure range greater than that tested within 
this work, 1 to 2 bar absolute, may thus be achieved. The greater pressure range 
will enable the pressure sensitivity of coolant heat transfer to be studied.
3. A more sensitive and accurate monitoring of the pressure drop versus heat flux 
and level of superheat is required to enable further testing of pressure drop 
models. In addition, the monitoring of vapour quantity versus heat flux and level 
of superheat would enable the pressure drops to be examined against the quantity 
of vapour produced, should it become necessary.
9.2.2 Heat transfer modelling
The modelling of convection has concentrated on the use of the fully developed, 
turbulent flow model of Dittus Boelter. Further improvements in the accuracy of the 
convection modelling may be obtained by using an algorithm developed for both 
transition and turbulent flow and by including the surface roughness, such as that of 
Gnielinski. These evaluations are recommended, together with studies on the influence 
of unheated entry lengths.
The partial boiling or “merging” method is recommended for further evaluation. This 
method can be used to include, and test, both the Thom and Cipolla models shown in 
this work. Subject to results of the previous recommendation on partial boiling, further 
studies on the complex relationship of convection and boiling may then be undertaken. 
These studies may then be used to decide whether a), to follow on with further rig
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specific modifications to the Rohsenow correlation, or b) try to adapt the Chen 
modelling approach, for further improvements in accuracy.
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HTCFOR=CHFFAC *NUSLIQ * ( CONLIQ/DIAHYD) 
HMACSUB=HTCFOR
c a l c u l a t e  n u c l e a t e  b o i l i n g  d a t a
C h e n  c o e f f i c i e n t s
CHSFAC=CHENSFACTOR(REYLIQ, CHFFAC, BOISUM,TM PINT)
VARCHE1=CONLIQ**0,7 9  * S P E L IQ * * 0 .4 5  * DENLIQ** 0 .4 9
VARCHE2= SQRT(SURTEN)*  V IS L IQ * * 0 .2 9 *  LATVAP**0.2 4 *  D E N V A P**0.24
VARCHE3=0.0 0 1 2 2 *  VARCHE1* CHSFAC/ VARCHE2
c a l c u l a t e  t r a n s i t i o n  b o i l i n g  d a t a
CHFFLU=CHFCAM2 (CAVFAC*REYLIQ, Ja k o b M )
c a l c u l a t e  n u c l e a t e  t o  t r a n s i t i o n  p o i n t
CHFTOL=0. 0 1 *CHFFLU 
TWALMX=573.1 5  
TWALMN=TLIQSAT-5 .0  
TLIQWAL=(TWALMN+TWALMX) / 2 . 0
DO 1 1 = 1 ,5 0
TDELLIQ=TLIQWAL-TLIQBUL
TWALSAT=TLIQWAL-TLIQSAT
CALL HCHENMICRO(L IQ TY P, TLIQWAL, TLIQSAT, PLIQ SA T , CONLIQ,
& DENLIQ, DENVAP, LATVAP, S P E L IQ , SURTEN, V IS L IQ , CHSFAC, HTCNUC,
& PLIQWAL)
FLUDEN=HTCFOR *TDELLIQ+HTCNUC *TWALSAT
CALL ITERMEAN(TLIQWAL, TWALMX, TWALMN, CHFFLU, FLUDEN,
& CHFTOL, 0 ,  STATUS)
I F ( STA T U S.EQ .l)G O T O  50 
END DO






CALL VAPPRESSURE(TNUCCHF-TSMOTOL, 0 ,  PLIQWAL, DPWALSAT) 
PWALSAT=PLIQWAL-PLIQSAT
DPWALSAT=( 3 8 1 6 . 4 4 / ( TNUCCHF-TSMOTOL-46 . 1 3 ) * * 2 . ) *PLIQWAL 
I F  (PW A LSA T.LT.0 . 0 )  PWALSAT=0.0
HEAMIC=VARCHE3* TWALSAT** 0 .2 4 *  PWALSAT**0.7 5
HNUCF1=FLUDEN/ TDELLIQ
HNUCG1=(HEAM IC/TDELLIQ)- (HEAMIC*TWALSAT/TDELLIQ** 2 . )  +
& (TWALSAT*VARCHE3/TDELLIQ) * ( ( 0 . 2 4  *TWALSAT* * ( - 0 . 7 6 ) *PWALSAT* * 0 .7 5 )  
& +(0 .75*T W A L S A T **0.24*P W A L S A T **( - 0 . 2 5 ) *DPWALSAT))
H TRAF2=CHFFLU/(TNUCCHF+TSMOTOL-TLIQBUL)
HTRAG2=-CHFFLU/(TNUCCHF+TSMOTOL-TLIQBUL)* * 2 .0








c a l c u l a t e  m axim um  h e a t  t r a n s f e r  p o i n t
HTCMAX=CHFFLU/  (TNUCCHF-TLIQBUL)
w r i t e  o u t  d a t a
C c o n v e r t  K t o  C f o r  ABAQUS s u b r o u t i n e  'F IL M *




CALL K FILD A T W R I(O U TFIL ,S IU N IT ,
& DIAHYD,HM ACSUB,REYLIQ,TLIQBUL,VELLIQ,
& CHSFAC,HTCM AX,PLIQSAT,TLIQSAT,
& CA V FA C,CH FFLU ,JakobM ,TN U CCH F,
& TSMOTOL)
WRITE ( F I L F I L ,9 0 0 0 )  S IU N IT  
WRITE ( F I L F I L ,9 0 2 0 )
C f o r c e d  c o n v e c t i o n  p a r a m e t e r s
& DIAHYD,HM ACSUB,REYLIQ,TLIQBUL,VELLIQ,
C n u c l e a t e  b o i l i n g  p a r a m e t e r s
& CHSFAC, HTCMAX, PLIQ SA T, T LIQ SA T , VARCHE3,
C t r a n s i t i o n  b o i l i n g  p a r a m e t e r s
& CAVFAC, CHFFLU, Ja k o b M , TNUCCHF,
C n u c l e a t e  t o  t r a n s i t i o n  p o i n t  p a r a m e t e r s  
& HNUCF1, HNUCG1, HTRAF2, HTRAG2, TSMOTOL
RETURN
9 0 0  PRINT * , CHAR (7 )
PRINT * , 'U n a b l e  t o  o p e n  ABAQUS "FILM* d a t a  f i l e  [ ’ , F IL F N A M ,* ]•  
STOP
END
A .2  Su br o u t in e  “f il m ”
SUBROUTINE FILM  (H, SIN K , TEMP, KSTEP, K IN C , TIM E,
& NOEL, NPT, COORDS, JL T Y P, F IE L D , N FIELD )
C------------------------------------------------------------------------------------------------------------------------------------------------
C THERMOFLUIDS GROUP, IC  ENGINES 
C DEPARTMENT OF MECHANICAL ENGINEERING 
C UNIVERSITY OF BATH 
C
C AUTHOR : N .A .F .C a m p b e l l
C L a s t  m o d i f i e d  : A u g u s t  1 9 9 6  
C
C ABAQUS 5 . 5  S p e c s .
C ABAQUS h a s  a  r e q u i r e m e n t  t h a t  a d d i t i o n a l  u s e r  s u b r o u t i n e s  o r  COMMON 
C b l o c k s  s t a r t  w i t h  t h e  l e t t e r  K .
C T h e  . d a t  f i l  i s  u n i t  6 a n d  .m sg  f i l e  i s  u n i t  7 .  O t h e r  f i l e s  t h a t  c a n  
C b e  u s e d  a r e  u n i t s  15  t o  1 8 .
C
C H ( 1 ) ,  H (2 )  a n d  SINK a r e  d e f i n e d  i n  t h i s  s u b r o u t i n e .
C T h e  o t h e r  a r g u m e n t s  a r e  s u p p l i e d  b y  t h e  p r o g r a m .
C
C H (l)= H T C T O T  : H e a t  t r a n s f e r  o r  f i l m  c o e f f i c i e n t  (HTC)
C H ( 2 ) =DHTCDT : R a t e  o f  c h a n g e  o f  HTC w i t h  r e s p e c t  t o  s u r f a c e  
C t e m p e r a t u r e  (dH T C /dT )
C
C ALL TEMPERATURES IN  N O N -SI DEG CELCIUS RATHER THAN S I  KELVIN 
C
C SINK=TLIQBUL : B u lk  f l u i d  ( s i n k )  t e m p e r a t u r e  
C TEMP=TLIQWAL : S u r f a c e  t e m p e r a t u r e .
C KSTEP : S t e p  n u m b e r .
C KINC : I n c r e m e n t  n u m b e r .
C T IM E (1 )  : C u r r e n t  v a l u e  o f  s t e p  t i m e .













C T IM E (2 ) : C u r r e n t  v a l u e  o f  t o t a l  t i m e .
C NOEL : E le m e n t  n u m b e r .
C NPT : S u r f a c e  i n t e g r a t i o n  p o i n t  n u m b e r .
C COORDS(3 )  : A n a r r a y  c o n t a i n i n g  c u r r e n t  c o o r d i n a t e s  o f  t h i s  p o i n t .
C JLTY P : E le m e n t  f a c e  n u m b e r  JLTY P=11 t o  1 6  f o r  f a c e  1 t o  6 (N U ).
C FIE L D  : I n t e r p o l a t e d  v a l u e s  o f  f i e l d  v a r i a b l e s  a t  t h i s  p o i n t .
C NFIELD : N u m b e r o f  f i e l d  v a r i a b l e s .
C
C T h i s  s u b r o u t i n e  c a l c u l a t e s  HTCs d e p e n d e n t  u p o n  t h e  w a l l  a n d  b u l k  
C f l u i d  t e m p e r a t u r e s . H e a t  t r a n s f e r  r e g i m e s  cu re ; F o r c e d  c o n v e c t i o n ,
C n u c l e a t e  b o i l i n g  a n d  t r a n s i t i o n  b o i l i n g .  F i l m  b o i l i n g  i s  i g n o r e d  f o r  
C t h e  m o m e n t.
C
C F l u i d  p r o p e r t y  d a t a  a n d  p a r a m e t e r s  cure d e f i n e d  b y  t h e  p r o g r a m  
C " h e a t r a n s ’’ .
C
C T h e  C h e n  m o d e l  i s  u s e d  f o r  n u c l e a t e  b o i l i n g .
C
ABAQUS S p e c
INCLUDE ' a b a _ p a r a m . i n c '
ABAQUS S p e c
DIMENSION H ( 2 ) ,  T IM E (2 ) ,  C 0 0 R D S (3 ) , F IE L D (N F IE L D )
INTEGER D A T FIL , M SGFIL, FLU FIL  
INTEGER ENTRFL, S IU N IT , OLDINC
DOUBLE PR EC ISIO N  DHTCDT, TLIQBUL, TLIQWAL, HTCTOT, FLUDEN, HTCFOR
DOUBLE PR EC ISIO N  CAVFAC, CHFFLU, CHSFAC, DIAHYD, DPWALDT, 
& HTCMAX, HTCNUC, HMACSUB, HNUCF1, JAKOB,
& HNUCG1, HTRAF2, HTRAG2, PLIQ SA T,
& PVAPWAL, PRELOG, PWALSAT, REYLIQ, TDELLIQ, TNUCCHF,
& TSMOTOL, TLIQ SA T, TWALSAT,
& VARCHE3, VELLIQ
CHARACTER* 3 0  FILFNAM
s a v e  d a t a  ( d a t a  i n  s a v e  n o t  sa m e  a s  r e a d  f ro m  u n i t )
SAVE
f o r m a t  s t a t e m e n t s
1 0 5 0  FORMAT( / ,
& 'F l u i d  d a t a  f i l e  ' , ( A ) , ' h a s  b e e n  o p e n e d  o n  u n i t  [ ' , 1 3 ,  ' ] ' , / )
1 1 0 0  FORMAT ( 2 ( / ) , 8 0 ( ' - ’ ) , 2 ( / ) ,
St ' THERMOFLUIDS GROUP, IC  ENGINES’ , / ,
St ’ DEPARTMENT OF MECHANICAL ENGINEERING' , /  , 
Sc ' UNIVERSITY OF BATH' , 2 ( / ) )
1 1 6 0  FORMAT (2  ( / ) , 8 0 ( ' - ' ) , / )
1 1 7 0  FORMAT( / ,
& . I X , 'S a m p l e  d a t a ' , / .
Sc IX , ' I n c r e m e n t  = ' , 1 6 , / ,
Sc I X , 'W a l l  t e m p e r a t u r e  = ' , G 1 1 . 4 , ' [D eg  C ] ' , / ,  
Sc I X , 'H e a t  t r a n s f e r  c o e f f i c i e n t  = ' , G 1 1 . 4 , / ,
Sc I X , 'S i n k  t e m p e r a t u r e  = ' ,G 1 1 .4 ,  ’ [D eg  C ] ' / ,
Sc IX , 'H T C  g r a d i e n t  = ’ , G 1 1 . 4 , / )
9 0 2 0  FORMAT ( 6 ( E 1 3 . 7 ) )
1 9 9 9  FORMAT( / ,
Sc '  ! ! ! ERROR: R e a d in g  p r o p e r t y  f i l e ' , / )
I n i t i a l i s e  d a t a  a n d  t e m p e r a t u r e s
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C ABAQUS S p e c  
DATFIL=6 
MSGFIL=7 
FL U F IL = 15
FILFNAM =' / t m p / f i l m / f i l m . d a t a '
C-----------------------------------------------------------------------------------------------------------------------------------------
C C o l l e c t  d a t a  a s  d e f i n e d  b y  " f i l m . d a t a *  o n c e  o n l y
C-----------------------------------------------------------------------------------------------------------------------------------------
I F (ENTRFL. EQ. 0 ) THEN
O PEN (U N IT =FL U FIL ,FIL E =FILFN A M ,STA T U S=' O L D ')
WRITE ( * ,  1 0 5 0 )  FILFNAM , F L U FIL
REA D (FLU FIL, * ,E R R = 9 9 9 ) S IU N IT  




& HNUCF1, HNUCG1, HTRAF2, HTRAG2, TSMOTOL
C w r i t e  r e l e v a n t  d a t a  t o  f i l e  
W RITE(D A TFIL,1 1 0 0 )
CALL K FIL D A T W R I(D A TFIL ,SIU N IT ,
& DIAHYD,HM ACSUB,REYLIQ,TLIQBUL,VELLIQ,
& CHSFAC, HTCMAX, PLIQ SA T , TLIQ SA T,
& CAVFAC,CHFFLU,JAKOB,TNUCCHF,
& TSMOTOL)
W RITE(D A TFIL, 1 1 6 0 )
END I F















C N u c l e a t e  b o i l i n g  -  C h e n
C-----------------------------------------------------------------------------------------------------------------------------------------
IF(T W A LSA T .G T.0 . 0 ) THEN
I F  (TLIQWAL. L E . TNUCCHF-TSMOTOL) THEN
C C a l c u l a t i o n  o f  w a l l  p r e s s u r e  ( 2 2 7 .0 2 = 2 7 3 .1 5 - 4 6 .1 3 )
PRELO G =18.3 0 3 6 - ( 3 8 1 6 . 4 4 / (TLIQW AL+227. 0 2 ) )
PVAPW AL=133.32*EXP(PRELOG)
PWALSAT=PVAPWAL-PLIQSAT
DPWALDT=( 3 8 1 6 . 4 4 / (TLIQW AL+227. 0 2 ) * * 2 . 0 ) *PVAPWAL 
IF (P W A L S A T .L T .0 . 0 ) THEN 
PWALSAT= 0 .0  
HTCNUC=0.0  
ELSE




IF(TW ALSAT. L T . 1 . E - 6 ) THEN 
DHTCDT= 0 .0  
ELSE
DHTCDT=(HTCNUC/TDELLIQ)-  (HTCNUC *TWALSAT/ TDELLIQ * * 2 . 0 )  +


















& (TWALSAT *VARCHE3 /TD ELLIQ ) * ( ( 0 . 24*TWALSAT** ( - 0 . 7 6 )  *PWALSAT**0 .7 5 )  
& + ( 0 . 75*TW A LSA T**0. 24*PW ALSA T**( - 0 . 2 5 ) *DPWALDT))
END I F
N u c l e a t e  t o  t r a n s i t i o n  s m o o th in g
ELSE IF (T L IQ W A L . L E . TNUCCHF+TSMOTOL) THEN 
CALL KHERMITE (HTCTOT, TLIQWAL, TNUCCHF-TSMOTOL, 
& TNUCCHF+TSMOTOL, HNUCF1, HTRAF2, HNUCG1, HTRAG2, 1 )
T r a n s i t i o n  b o i l i n g
ELSE
HTCTOT=CHFFLU/  TDELLIQ 
DHTCDT=-CHFFLU/ TDELLIQ** 2 .0
T r a n s i t i o n  t o  f i l m  s m o o th in g  
F i l m  b o i l i n g  ( re m o v e d )
END I F  
END I F
C o n v e r t  t o  W/mm**2 K a n d  W/mm**2 K **2 i f  r e q u i r e d
I F ( S IU N IT . E Q . 1 ) THEN 
HTCTOT=HTCTOT*1 . E - 06  
DHTCDT=DHTCDT*1 . E - 0 6 
END I F
H ( 1 ) =HTCTOT 
H ( 2 ) =DHTCDT 
SINK=TLIQBUL
S a m p le  p r i n t
IF (K IN C . N E . OLDINC) THEN
W R IT E (M S G F IL ,1 1 7 0 ) KINC, TLIQWAL, H ( l ) ,  SIN K , H (2 )
C . d a t  a n d  .m s g  f i l e  f l u s h i n g  
CALL f lu s h ( D A T F I L )





9 9 9  W RITE( * ,1 9 9 9 )
STOP
END
SUBROUTINE KFILDATWRI (O U TFIL, S IU N IT ,
& DIAHYD,HM ACSUB,REYLIQ,TLIQBUL,VELLIQ,
& CHSFAC, HTCMAX, PLIQ SA T , TLIQ SA T,
& CAVFAC, CHFFLU, JAKOB, TNUCCHF,
& TSMOTOL)
C----------------------------------------------------------------------------------------------------------------------------------------
C THERMOFLUIDS GROUP, IC  ENGINES 
C DEPARTMENT OF MECHANICAL ENGINEERING 
C UNIVERSITY OF BATH 
C
C AUTHOR : N .A .F .C a m p b e l l
C L a s t  m o d i f i e d  : J u n e  1 9 9 6  
C
C A s u b r o u t i n e  t o  w r i t e  f l u i d  h e a t  t r a n s f e r  q u a n t i t i e s  r e q u i r e d  b y  
C t h e  ABAQUS s u b r o u t i n e  " f i l m "  t o  f i l e .
C
C ABAQUS 5 . 5  S p e c s .
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C ABAQUS h a s  a  r e q u i r e m e n t  t h a t  a d d i t i o n a l  u s e r  s u b r o u t i n e s  o r  COMMON 
C b l o c k s  s t a r t  w i t h  t h e  l e t t e r  K.
C
C ABAQUS s u b r o u t i n e  " f i l m ’ w o r k s  w i t h  D eg C e l s i u s  r a t h e r  t h a n  S I  
C K e l v i n .
C----------------------------------------------------------------------------------------------------------------------------------------------
INTEGER O U T F IL ,S IU N IT
DOUBLE PR EC ISIO N  
& DIAHYD,HM ACSUB,REYLIQ,TLIQBUL,VELLIQ, 
& CHSFAC, HTCM A X,PLIQSAT,TLIQSAT,
& CAVFAC,CHFFLU,JAKOB,TNUCCHF,
& TSMOTOL
1 1 0 0  FORMAT( / ,
& ■ < ' / '
& ' F l u i d  C o o l a n t  D a t a ' , / ,  
& '  ’ , / )
1 1 1 0  FORMAT( / ,
& ' F o r c e d  c o n v e c t i o n  d a t a ' , / ,
Sc ' F l u i d  v e l o c i t y = ' , G 1 3 . 4 , ’ [ m / s ] ’ , / ,
Sc ' H y d r a u l i c  d i a m e t e r /  l e n g t h = ' , G 1 3 . 4 , ’ [m m ]’ , / ,
Sc ' R e y n o ld s  n u m b e r = ' , G 1 3 . 4 , / ,
Sc F o r c e d  c o n v e c t i o n  HTC = ' , G 1 3 . 4 , ’ [W /m**2K]
Sc ' B u lk  t e m p e r a t u r e = ' , G 1 3 . 4 , ' [D eg  C ] ’ )
1 1 2 0  FORMAT ( / ,
N u c l e a t e  b o i l i n g  d a t a ' , / .
B u lk  p r e s s u r e  
S a t u r a t i o n  t e m p e r a t u r e  
C h e n  R e y n o ld s  n u m b e r  f a c t o r  (F ) 
C h e n  s u p p r e s s i o n  f a c t o r  (S) 
M axim um  HTC ( a p p r o x )  CHF
, G 1 3 . 4 ,  ' [ b a r ] ' , / ,
, G 1 3 . 4 ,  ' [D eg  C ] ' , / ,
, G 1 3 . 4 , / ,
, G 1 3 . 4 , / ,
, G 1 3 . 4 , ’ [k W /m * * 2 K ]' )
1 1 3 0  FORMAT ( / ,
& ’T r a n s i t i o n  b o i l i n g  d a t a ’ , / ,
& ’ C a v i t y  f a c t o r
& ’ CHF t r a n s i t i o n  t e m p e r a t u r e
& ’ C r i t i c a l  h e a t  f l u x  (CHF)
& ’ J a k o b  n u m b e r
, G 1 3 . 4 , / ,
, G 1 3 . 4 , ’ [D eg  C ] ’ / ,
, G 1 3 . 4 , ’ [k W /m * * 2 ] ' / ,  
,G 1 3 .4 )
1 1 4 0  FORMAT { / ,
& ’N u c l e a t e  t o  t r a n s i t i o n  b o i l i n g  d a t a ’ , / ,
& ’ R e g io n  t e m p e r a t u r e  r a n g e  + / -  = ’ ,G 1 3 .4 ,
& ’ [D eg C ] ’ , / ,
& 1 S e t  a t  10% o f  n u c l e a t e  t e m p e r a t u r e  r a n g e  = ’ ,G 1 3 .4 ,  
& ' [D eg  C ] ’ )
1 1 5 0  FORMAT( / ,
& ’M o d e l i n  mm, t h e r e f o r e  f o r  s u b r o u t i n e  o u t p u t : ’ , / ,
& ’ HTCs w i l l  b e  o u t p u t  i n  [W /m m **2K ]’ , / ,
& ’ a n d  HTC g r a d i e n t s  i n  [W/mm**2 K * * 2 ] ’ )
1 1 6 0  FORMAT( / ,
Sc ’M o d e l i n  m, t h e r e f o r e  s u b r o u t i n e  o u t p u t  i s  i n  S I  u n i t s ' )
1 9 9 9  FORMAT ( / ,
Sc ' ! ! ! WARNING: I t e r a t i o n  l o o p  h a s  NOT c o n v e r g e d '  , / ,
Sc ' C o o l a n t  w a l l  t e m p e r a t u r e  i s  [ ' , G 1 3 . 4 , ’ ] D eg  C ' )
9 0 0 0  FORMAT ( 1 2 , '  S I  u n i t  f l a g  (0=m , l= m m ) ' )
9 0 2 0  FORMAT ( 6 ( E 1 3 . 7 ) )
C
W R IT E (O U T FIL ,1 1 0 0 )
C f o r c e d  c o n v e c t i o n  p a r a m e t e r s  
W R IT E (O U T FIL ,1 1 1 0 )
& V ELLIQ ,D IA H Y D *1.E3,REY LIQ ,H M A CSU B ,TLIQ B U L
C n u c l e a t e  b o i l i n g  p a r a m e t e r s  
W R IT E (O U T FIL ,1 1 2 0 )
Sc PLIQSAT* 1 .  E -  5 ,  T LIQ SA T, CHSFAC, HTCMAX* 1 .  E - 3
C t r a n s i t i o n  b o i l i n g  p a r a m e t e r s  
W R IT E (O U T FIL ,1 1 3 0 )
Nucleate Boiling in Engine Cooling and Temperature Control
Appendix A
& CA V FA C ,TN U C C H F,C H FFLU *l.E -3 , JAKOB
C n u c l e a t e  t o  t r a n s i t i o n  p o i n t  p a r a m e t e r s  
W R IT E (O U T FIL ,1 1 4 0 )
& TSMOTOL, TNUCCHF-TLIQSAT
I F ( S IU N IT . E Q . 1 ) THEN 
W R ITE(O U TFIL ,1 1 5 0 )
ELSE




SUBROUTINE KHERMITE ( F ,X ,X 1 ,X 2 ,F 1 ,F 2 ,G 1 ,G 2 ,T Y P E F L )
C-------------------------------------------------------------------------------------------------------------------------------------------------
C THERMOFLUIDS GROUP, IC  ENGINES 
C DEPARTMENT OF MECHANICAL ENGINEERING 
C UNIVERSITY OF BATH 
C
C AUTHOR : N .A .F .C a m p b e l l
C L a s t  m o d i f i e d  : J u n e  1 9 9 6
C
C-------------------------------------------------------------------------------------------------------------------------------------------------
C HERMITE c h a n g e d  t o  KHERMITE i n  l i n e  w i t h  t h e  ABAQUS r e q u i r e m e n t  t h a t  
C u s e r  a d d i t i o n a l  s u b r o u t i n e s  s t a r t  w i t h  t h e  l e t t e r  K.
C T h i s  r o u t i n e  u s e s  a  c u b i c  f u n c t i o n  w h e r e  b o t h  t h e  f u n c t i o n  a n d  i t s  
C f i r s t  d e r i v a t i v e  m ay  b e  d e f i n e d  a t  tw o  p o i n t s .
C F  i s  a n  a r r a y  w h e r e  F ( l )  d e f i n e s  t h e  f u n c t i o n  a n d  F ( 2 )  t h e  
C d e r i v a t i v e .
C X i s  t h e  i n d e p e n d e n t  v a r i a b l e ,  w h e r e  X I a n d  X2 a r e  i n i t i a l  a n d  f i n a l  
C p o s i t i o n s .
C F I  a n d  F2 a r e  i n i t i a l  a n d  f i n a l  v a l u e s  o f  t h e  f u n c t i o n .
C G1 a n d  G2 cure i n i t i a l  a n d  f i n a l  v a l u e s  o f  t h e  f u n c t i o n  g r a d i e n t .
C TYPEFL d e n o t e s  t h e  t y p e  o f  c u b i c  t o  b e  u s e d .
C-------------------------------------------------------------------------------------------------------------------------------------------------
INTEGER TYPEFL, ENTRFL, I I
DOUBLE PR EC ISIO N  X ,X I ,X 2 , F I , F 2 , G 1 , G2
DOUBLE PR EC ISIO N  A , B , BSQUA, CONA, FMAX, FORAC, GMAX, H, Q l ,  Q 2 , 
& S ,  XMAX, Z
DOUBLE PR EC ISIO N  F ,  ZMAX
DIMENSION F ( 2 ) ,  ZMAX(2)
SAVE
1 1 1 0  FORMAT ( '  M axim um  o r  m in im u m  f u n c t i o n  v a l u e  f o r  h e r m i t e  i s  ' ,
& G i l . 4 , '  AT ' , G 1 1 . 4 , / ,
& ' F u n c t i o n  g r a d i e n t  a t  t h i s  o r d i n a t e  i s  ' , G 1 1 . 4 )
C H e r m i t e  s m o o th in g
H=X2-X1 
Z = ( X - X l ) /  H
IF (T Y P E F L . EQ . 1 ) THEN 
Q1=H * G1 
Q2=H * G2 
S = F 2 -F 1  
A = Q 1 + Q 2 -2 .0 * S  
B = 3 .0 * S -2 .0 * Q 1 -Q 2  
I F (ENTRFL. EQ . 0 ) THEN 
I F ( A .E Q .0 . 0 ) THEN
Z M A X ( l)= - Q l / ( 2 . 0*B )
ZMAX( 2 ) = 2 .0  
ELSE
ZMAX( 1 ) = 2 .0  
ZMAX( 2 ) = 2 .0  
BSQUA=4.0  *B*B 
F0R A C =12. 0*A*Q1 
I F (BSQUA. G E. FORAC) THEN 
C0NA=SQRT(BSQUA-FORAC)
Z M A X (l)= ( - 2 . 0*B+CONA)/ (6 .0 * A )
ZMAX( 2 ) = ( - 2 . 0*B -C O N A )/ (6 .0 * A )
END I F  
END IF
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DO 2 0 ,  1 1 = 1 , 2
I F ( Z M A X ( I I ) . G E .0 . 0 .A N D .Z M A X (II) .L E .1 .0 )T H E N  
XMAX=ZMAX( I I ) *H+X1
FM AX =A*ZM AX(II)* * 3 . 0+ B *Z M A X (II)* Z M A X (II) +
& Q 1 *Z M A X (II)+ F 1
GMAX=( 3 . 0*A*ZMAX( I I ) *ZMAX( I I ) + 2 . *B*ZMAX( I I )
& + Q 1 )/H
W RITE( * , 1 1 1 0 ) FMAX, XMAX, GMAX 
END I F  
20  CONTINUE 
END I F
F ( 1 ) =A *Z*Z*Z+B*Z*Z+Q 1*Z+F1 
F ( 2 ) = ( 3 . 0 * A * Z * Z + 2 . *B*Z + Q 1 ) /H
C--------------------------------------------------------------------------------------------------------------------------------------------------
C S . H . H u l l  s m o o th in g
C A d v a n t a g e s  - I t  d o e s  n o t  r e q u i r e  g r a d i e n t s  o f  f u n c t i o n  
C D i s a d v a n t a g e s - I t  m ay  i n t r o d u c e  m u l t i p l e  i n f l e x i o n s  i f  t h e  tw o  
C f u n c t i o n s  i n t e r s e c t  i n  t h e  s m o o t h i n g  r e g i o n .  I t  c a n
C b e  u s e d  i f  t h e  p o i n t  o f  i n t e r s e c t i o n  o c c u r s  a t  e i t h e r
C e d g e  o f  t h e  s m o o t h i n g  r e g i o n .
C--------------------------------------------------------------------------------------------------------------------------------------------------
ELSE
A = 3 . 0 * Z * Z - 2 . 0*Z *Z *Z  
F ( 1 ) = F 1 + A * (F 2 -F 1 )





Nucleate Boiling in Engine Cooling and Temperature Control
